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Light carries energy. In many applications, e.g. optical sensors, thermal emitters,
optical modulators, or solar cells, it is desirable to absorb as much as possible the
energy of the impinging light. This requires to fully suppress the transmission and
reection. Hence, the energy will be dissipated in the absorbing layer. In principle,
perfect absorption occurs if two conditions are satised. The rst condition requires
the absorbing layer to be impedance matched with the free space impedance. This
fully suppresses the reection. In general, in order to satisfy the second condition
(i.e. zero transmission), the absorbing layer should be suciently thick (compared
to the wavelength). Then, the incoming electromagnetic energy is fully absorbed
before reaching to the end of the layer. However, the necessary thickness will limit
the application of the absorbing layer in highly integrated nanophotonic devices. To
overcome this problem (i.e. achieving thin layer perfect absorbers) there are many
practical approaches that can be used to design a considerably thin perfect absorber.
They often come at the price at operating only in a narrow spectral range, but for
many application perspectives this is permissible. In the following, we chronologically
will review various mechanism and approaches to achieve thin perfect absorbers for
light.
Research on how electromagnetic waves can be eciently absorbed potentially
started with the invention of radar in the 1930's. At that time, it was important
to disguise an object (e.g. an airplane) from radars. Therefore, various approaches
have been introduced to reduce the reected waves from the object [1]. The most
important inventions among them are Dallenbach, Jaumann [2], and Salisbury perfect
absorbers [3]. Dallenbach perfect absorbers consist of a homogeneous lossy dielectric
layer on top of a metallic ground plate [Fig. 1.0.1 (a)]. The thickness of the layer
and the properties of material (permittivity and permeability) have to be carefully
chosen such that the reected light is totally suppressed via impedance matching.
The thickness of the layer d should be roughly a quarter wavelength d ' λ/4n (n is
the refractive index of the layer). In fact, such a layer can absorb the light in a narrow
bandwidth. By increasing the number of the layers the absorption bandwidth can
be broadened. On the hand, a Salisbury perfect absorber consists of a resistive sheet
on top of a metallic ground plate separated by a dielectric spacer (no Ohmic losses).
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Figure 1.0.1: Schematic view of three well-known microwave perfect absorbers: a)
The Dallenbach perfect absorber, b) the Salisbury perfect absorber, and
c) the Jaumann perfect absorber. d) Perfect metamaterial absorber.
Such perfect absorber sometimes called stealth technology. This perfect absorber
mainly relies on the absorption in the resistive sheet. The refractive index of the
dielectric spacer plays an important role on choosing the thickness of the layer. The
Jaumann perfect absorber is a generalized Salisbury perfect absorber that helps to
increase the bandwidth [4]. Jaumann suggested multi-layers of resistive sheets on
top of the metallic ground plate separated by dielectric spacers of equal thickness.
Therefore, the wave can resonate at distinct frequencies which provides a multi-
band perfect absorber. The basic principle of the Jaumann as well as the Salisbury
perfect absorbers can be understood by a destructive interference of the reected light
and a suppression of the transmitted light. Therefore, as already mentioned they
all require a notable thickness (' λ/4n) to fully absorb the impinging wave which
renders them impractical for some applications. The metamaterial based perfect
absorbers can solve this limitation [5,6]. In this thesis, we will provide a guideline to
achieve considerably thin perfect absorbers compared to the aforementioned perfect
absorbers. In addition, the structures under consideration are shown to possess
further interesting optical eects
In the past years, optically thin perfect absorbers, known as perfect metamaterial
absorbers, have been introduced based on periodic subwavelength metallic particles
(sometimes called meta-atoms or nanoantennas) [6, 7]. Note that, in this thesis, we
prefer to use the term nanoantenna for any optically small particle that might pos-
sesses an arbitrary shape and it can be made from arbitrary materials. We only
require from these nanoantennas that an external eld can induce currents (either
conductive or displacement currents) that reradiate. Tailoring the geometry of the
nanoantenna allows to control their scattering characteristics. This will be at the
heart of the various functional devices we discuss in this thesis, for which the perfect
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absorber is a prominent example. Perfect metamaterial absorbers attracted con-
siderable attentions at microwave [5, 6], terahertz, and especially near-infrared [8, 9]
and visible [1014] frequencies. These perfect absorbers have potential applications,
e.g. optical lters, optical sensors, thermal emitters, and solar cells. In this thesis,
we present our contributions to this eld and aim to properly address the following
questions:
a) Most aforementioned perfect absorbers required a metallic ground plate. This
restricts their optical response for an illumination with a plane wave propagating
such that it rst interacts with the metallic ground plate, i.e. acting as a reector.
Therefore, it would be interesting to design an optically thin perfect absorber without
a metallic ground plate. The question is: Is it possible to achieve perfect absorption
without a metallic ground plate?
b) The optical response of the majority of the aforementioned perfect absorbers
depends strongly on the incident angle of impinging light. In fact, this is related to
the thickness of dielectric spacer. For perfect absorbers with large dielectric spacers
(e.g. Salisbury screen), the absorption changes strongly when illuminated at oblique
incidence. This can be explained by exploring the underlying mechanism of absorp-
tion, i.e. coherent interference. Therefore, in order to overcome this limitation, an
ideal solution relies on decreasing the thickness of the dielectric spacer. What kinds
of interesting physical features can be achieved for perfect absorbers with extremely
thin dielectric spacers?
c) As already noted, most of the common perfect absorbers consist of an array
of small resonant nanoantennas,. Therefore, it is essential to understand the optical
response of these individual building blocks. To understand the scattering proper-
ties of an individual nanoantenna, we rely on a well established approach known as
multipole expansion [15,16]. This approach allows to calculate the dominating multi-
pole moments supported by an arbitrary nanoantenna. However, for most pertinent
nanoantennas the optical response can be fully described with the electric/magnetic
dipole moment. The question therefore is: Is there any universal limitation on the
scattering, absorption, and extinction properties of a nanoantenna which exhibits
electric/magnetic dipole moment?
d) Basic nanoantennas, e.g. metallic nanospheres, nanodisks, and nanopatches,
can only support an electric response [1719]. In fact, this electric response limits
their scattering performance and they can only scatter light identically in forward and
backward directions. To have a better control on the scattering property, Kerker sug-
gested to use a magnetic response in addition to the electric response for a dielectric
sphere [20]. This extra magnetic response can be used as an extra degree of freedom
to have further control on the scattering of nanoantennas. In particular, nanoanten-
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nas with zero- forward/backward scattering can be achieved by tailoring the electric
and magnetic responses; known as the Kerker condition (or the balanced condition).
This is achieved by a constructive or destructive interference of the radiated far-elds
of the induced electric and magnetic dipole moments in either direction. In general,
nanoantennas can support higher order multipole moments besides electric and mag-
netic dipole moments. Therefore, an interesting questions would be: Is it possible to
have even better control over the scattering properties of nanoantennas while exploit-
ing higher order electromagnetic multipole moments? What kind of novel scattering
eects can be obtained from such nanoantennas?
e) Finally, it is important to have an analytical tool available to predict the op-
tical response of an array of nanoantennas based on the response of the individual
nanoantenna. The questions are: Is it possible to achieve complete light absorption
by an array of nanoantennas which exhibit only electric/magnetic dipoles? What
about nanoantennas which exhibit both electric and magnetic dipoles? Which condi-
tions should be satised in order to fully absorb the light? What about an array of
nanoantennas beyond the dipole approximation?
1.1 Aim and structure of the thesis
In this thesis, we focus on the scattering properties of individual nanoantennas as
well as of array thereof. The thesis can be divided into two parts. In the rst
part, we explore remarkable scattering properties for individual nanoantennas such as
Fano resonances, scattering dark states, a possible bianisotropic response, directional
radiation pattern and so on. This is done with the help of a very powerful semi-
analytical tool known as multipole expansion. In the second part, we explore the
optical responses of an array made of such nanoantennas by a simple analytical
model. Results are also fully supported by full wave simulations. We focus on
dierent physical mechanisms in order to enhance and control the interaction of light
with the array. This allows to achieve a complete light absorption, an asymmetric
optical response, and an enhanced transmission.
The content of this thesis has been published in more than 15 publications and has
been presented at the occasion of several invited and contributed conference contri-
butions. In the following chapters of the thesis, we will focus on fundamental and
important achievements of those contributions in a broad, consistent, and complete
context. The thesis consists of six chapters and is organized as follows:
In Chapter 2, we introduce an analytical framework to discuss the scattering prop-
erties of individual nanoantennas. We discuss some universal limitations of the scat-
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tering/absorption properties of an individual nanoantenna, which supports only an
electric/magnetic dipole moment. We also explore some interesting optical features
for a nanoantenna, which exhibits both electric and magnetic dipole moments in bal-
anced condition. Moreover, we describe the optical response of a periodic array of
such nanoantennas. We show that there is a universal limitation on the absorption
of an array of electric/magnetic dipole scatterers (i.e. the maximum absorption is
limited to 50 percent). Finally, we discuss various potential theoretical approaches
to enhance the absorption towards the ultimate goal of complete light absorption.
In Chapter 3, we focus on two types of bianisotropic nanoantennas, namely plas-
monic and high-index dielectric bianisotropic nanoantennas. For both of these nanoan-
tennas, the bianisotropic coupling is obtained by breaking the geometrical symmetry
of the nanoantennas. In principle, the chapter is divided into two main parts. The
rst part of this chapter is related to plasmonic nanoantennas consisting of gold
nanopatches. We start with a simple nanopatch that supports only an electric dipole
moment. We show that the absorption of an array of such nanoantennas is limited
to 50 percent. In order to obtain a nanoantenna with a strong magnetic dipolar
response in addition to the electric one, we use two identical coupled nanopatches
separated with thin dielectric spacer. Eventually, in order to propose a nanoantenna
with a pronounced bianisotropic coupling, we break the geometrical symmetry of the
coupled nanopatches, i.e. using two nonidentical nanopatches with dierent lateral
dimensions. We show that such nanoantennas possess remarkable optical features
as individual structure as well as upon periodic arrangement in an array, e.g. zero
backscattering and complete light absorption. The bianisotropic coupling leads to
an entirely dierent optical response (asymmetric reection/absorption) when the
nanoantenna is illuminated from opposite directions. Finally, we propose a novel
nanoantenna with tunable radiation patterns by utilizing a phase change material
(PCM) as a dielectric spacer. This allows to switch the radiation of the nanoantenna
from a directional pattern to a dipole-like one. In the second part of this chapter, we
introduce a lossless bianisotropic nanoantenna made of a high-index dielectric ma-
terial. We start with a cylindrical high-index dielectric nanoantenna that supports
strong electric and magnetic dipole moments due to Mie resonances. By breaking
the symmetry of such nanoantennas, we introduce a strong magneto-electric coupling
that leads to various interesting optical features such as dierent backward scattering
response when illuminated from opposite directions.
In Chapter 4, we present two dierent schemes for a complete light absorption,
namely a near-eld coupling and a far-eld interference scheme. The investigated
structure is an array of nanopatch nanoantennas on top of a metallic ground plate
separated by a dielectric spacer. In the near-eld scheme (thin dielectric spacer), we
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introduce the concept of the extreme coupling in order to achieve deep-subwavelength
perfect absorbers. The thin dielectric spacer, in the order of few nanometers, is exper-
imentally achieved by an atomic layer deposition (ALD). By using a simple analytical
approach, we predict the resonance position of the perfect absorber that is in a good
agreement with numerical as well as experimental results. Finally, we investigate
the far-eld scheme (where the thickness of the dielectric spacer is comparable to
the wavelength). In this scheme, we use a simple Fabry-Perot (FP) cavity model to
predict the optical response of the investigated structure. The structure acts as a per-
fect absorber and the underlying physical mechanism of the absorption can be fully
understood from a destructive interference between the direct and multiply reected
waves inside the FP cavity.
In Chapter 5, we investigate the optical properties of nanoantennas consisting of
gold nanorings. The aim of this chapter is to introduce novel nanoantennas with re-
markable optical features, e.g. uniform eld enhancement, directional light radiation
by using a generalized Kerker condition, Fano resonances, and scattering dark states.
The work is done theoretically but supporting experimental results conducted by col-
leagues are presented as well. We start with a single nanoring which supports only
an electric dipole moment. This allows to obtain a noticeable uniform eld enhance-
ment. We introduce a generalized Kerker condition beyond the dipole approximation
to design a gold nanoring with a zero backscattering eld. The directional radiation
pattern can be achieved when the electric dipole and quadrupole moments are in
balanced condition. We also present a complete light absorption for an array of such
nanoantennas by introducing a simple condition for the supported modes, i.e. elec-
tric dipole and quadrupole modes (beyond the dipole approximation). In the end, we
explore the optical properties of multi-rings which allows to obtain scattering dark
states and Fano features.
Finally, in Chapter 6, we give a brief summary of all the theoretical results and




When light interacts with a small object (e.g. a nanoantenna), two basic processes
are encountered. First, scattering might occur. The scattering cross section is dened
to describe how strong the object (nanoantenna) scatters the light with respect to
its geometrical cross section during the scattering process [15]. The second process
is absorption. In this process, the energy of the incoming light is converted into
an internal energy of the nanoantenna (e.g. thermal energy). The absorption is
measured in terms of the absorption cross section. These two processes, i.e. scattering
and absorption, will remove a part of the energy of the incoming light. In other words,
the incoming light is attenuated by the nanoantenna and this attenuation is known
as extinction. It can be measured in terms of the extinction cross section. Some
fundamental questions that arise in the interaction of light with nanoantenna which
motivated this eld of research are as follows: Is there a universal limitation on
the scattering/absorption cross section of a nanoantenna in dipole approximation?
If yes, how to overcome these limitations? Is it possible to entirely suppress the
scattering? What about controlling the direction of scattering (directional radiation
pattern)? How does light interact with an array of nanoantennas?
All the aforementioned questions are important to understand various interesting
phenomenons, e.g. super-scattering, super-absorption, super-directivity, scattering
dark states, asymmetric Fano line-shape, electromagnetically induced transparency
(EIT), complete light absorption, and much more. To be able to discuss such phenom-
ena, a theoretical formalism is needed. In this chapter, we briey introduce at rst
such a formalism. It is known as the multipole expansion of the scattered eld of an
arbitrary nanoantenna. Such expansion allows to characterize the scattering objects
in terms of multipole moments. Furthermore, experimentally observable quantities
such as scattering, absorption, and extinction cross sections can be deduced from
the multipole moments. Note that they are the most important measured quanti-
ties that allows to discuss all the aforementioned physical processes. Next we apply
this formalism to study the potentially simplest nanoantenna, i.e. a nanoantenna
characterized only by an electric or magnetic dipole moment. We will derive some
interesting consequences on the possible cross sections for an electric or magnetic
dipole moment that are shown to be bound by some universal limits. We show
7
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that there are some universal limitations on the scattering, absorption, and extinc-
tion cross sections of such nanoantennas. We also indicate several strategies that
allow to overcome these limitations on the absorption or scattering properties of a
nanoantenna. In general they require to consider nanoantennas that sustain also
higher order electromagnetic multipole moments and/or terms that describe a possi-
ble bianisotropy. Thereafter we derive analytical expressions to calculate the optical
response of an array of nanoantennas, which can be described by electric/magnetic
dipole moments. This allows to discuss some universal limitations on the absorption
of such an array of nanoantennas. Finally, we propose some practical approaches to
overcome this limitation, which will be discussed in the following chapters.
2.1 Multipole expansion
In general, there are two basic approaches to calculate the multipole moments of an
arbitrary nanoantenna. They either rely on an expansion of the scattered eld or
on an expansion of the induced current densities. Both approaches provide identical
results. In this section, we briey introduce these approaches. Next, we compare
them for the case of a coupled nanopatch antenna which exhibits the electric, mag-
netic dipole and electric quadrupole moments. We will show that these approaches
lead to similar results. In general, the extracted multipole moments using scattered
eld approach are exact and there is no approximation. However, the electric current
approach is only valid if the size of the nanoantenna is small compared to the wave-
length. Therefore, in the entire thesis we use the scattered eld approach to retrieve
all the dominated multipole moments of the nanoantenna.
2.1.1 Scattered eld approach
In this subsection, we briey introduce the multipole expansion of the scattered eld
of an arbitrary nanoantenna which is embedded in a homogeneous and isotropic
medium. The basic approach to calculate the multipole moments of an arbitrary
nanoantenna can be deduced from Mie Theory. In 1908, Gustav Mie proposed an
analytical approach to calculate the light scattering by spheres [15]. This theory
relies on the expansion of the incident, scattered, and internal elds in terms of
vector spherical harmonics. The amplitudes of the incident elds are xed upon
choosing an illumination. The amplitudes of the scattered and internal elds are
given by enforcing governing boundary conditions [15]. To quantify the scattering
response of an arbitrary nanoantenna, the scattered (Esca) eld [Fig. 2.1.1] has to be








Figure 2.1.1: Schematic view of the scattering problem of an arbitrary nanoantenna.
Esca and Eint are scattered and internal electric elds, respectively.
These elds are induced by an incident electric eld (i.e. Einc). J
represents the induced electric current density. The eld inside the
nanoantenna is dened as an internal eld (i.e. Eint). The dashed line
shows where the scattered elds are numerically calculated.
simulate the scattering response of the investigated nanoantennas [21]. Afterwards
the scattered eld can be expanded in terms of vector spherical harmonics (VSHs).
The expansion of the numerically calculated scattered eld will be














where ω is the angular frequency. anm, bnm are the multipole coecients in a
spherical base and they are representing the strength of dierent electric and magnetic
multipole moments, respectively. Here, n = 1 represents the dipole response, n = 2
for the quadrupole and the rest (i.e. n > 3) for the higher order multipoles. k is
the wavenumber in the ambient medium. N
(3)
nm (r, ω) and M
(3)
nm (r, ω) are the vector
spherical harmonics. Esca (r, ω) is the numerically calculated scattered eld on a
sphere with radius a which includes the entire nanoantenna [see dashed lines in









where |Einc| is the amplitude of the incident electric eld. The electric and magnetic
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multipole coecients (anm, bnm) can be easily extracted from the orthogonality of




































∣∣∣M(3)nm (r = a, θ, ϕ, ω)∣∣∣2 sin θdθdϕ . (2.1.4)
Here, the integration is performed on a sphere with radius r = a. Finally, the
Cartesian multipole moments can be calculated using the well-known expression for
the electric eld generated from the electric/magnetic multipoles. The electric p =(
px, py, pz
)T




moments are given by
p = C0




 , m = cC0









with c is the speed of light in vacuum and Z is the impedance of
the ambient material. The symbol T denotes the transpose of the matrix. Similarly,
the electric quadrupole moment can be calculated as
Q =









a20 (a2−2 − a22) i (a2−1 − a21)




a20 (a2−1 + a21)









. By replacing the anm with bnm and modifying the
perfactor D0, a similar expression as shown in Eq. 2.1.6 can be found for the magnetic
quadrupole moment MQ.

















sca + ..., (2.1.7)
which is the sum of the dierent multipole contributions. Note that, in the entire
thesis, this approach is used to retrieve the dominated multipole moments of the
investigated nanoantennas.
2.1.2 Electric current approach
In this subsection, we briey discuss an alternative approach which allows to calculate
Cartesian multipole moments. In fact, the electric and magnetic multipole moments
can be calculated from a volume integration over the charge density ρ or the induced

















rαJβ + rβJα −
2
3







(r× J)α rβ + (r× J)β rα
]
dv, (2.1.11)
where α, β = x, y, z. Note that the integration is across the volume occupied by
the nanoantenna. By using the electric eld distribution inside the nanoantenna,
i.e. Eint, the current distribution J = −iωε0 (εr − 1)Eint can be calculated. εr is the
generalized complex dielectric permittivity, which can describe material properties of
both dielectric and metallic nanoantennas. The physical origin of the induced current
is either a conduction current or a displacement current; depending on the material
that the nanoantenna is made of, i.e. metals or dielectrics, respectively. Note that
Eqs. 2.1.8 till 2.1.11 are approximated expressions and only valid for optically small
nanoantennas. In contrast, Eqs. 2.1.5and 2.1.6 are exact expressions and are valid
for nanoantennas with any sizes.
11
2 Analytical framework
2.1.3 Comparison: Practical example
In the previous subsections, we briey introduced two dierent approaches to extract
the Cartesian multipole moments of an arbitrary nanoantenna embedded in a homo-
geneous and isotropic media. In this subsection, we apply these formalisms to study
a canonical nanoantenna made of coupled nanopatches as shown in Fig. 2.2.1 (a).
The nanoantenna is illuminated by a plane wave with an electric eld polarized along
the x-axis that propagates in the positive z-direction. The antennas supports two
distinct modes. They occur due to the hybridization of the localized surface plasmon
polaritons that are sustained by the individual metallic nanopatch. The resonance
frequencies of these localized surface plasmon polaritons depend on the size of the
nanopatch and the material from which they are made. The resonance frequencies,
therefore, can be tuned across an extended spectral domain. The rst mode is a
symmetric mode, which leads to an induced electric dipole moment px as shown in
Fig. 2.2.1 (a). In this mode, the induced current densities in the nanopatches os-
cillate both in phase. The second mode is an antisymmetric mode that leads to a
magnetic dipole as well as electric quadrupole moment [Fig. 2.2.1 (c) and (d)]. This
mode is characterized by an induced current density in both nanopatches that are
out of phase. Note that we will investigate this nanoantenna more extensively in
the following chapter. It can be seen that there is a good agreement between two
approaches. In the following chapters, we only use the scattered eld approach to
calculate the Cartesian multipole moments.
2.2 Scattering properties of nanoantennas:
Universal limitations
Nanoantennas are canonical elements in nanooptics, which can be used to control
light-matter interaction at the nanoscale. In this section, we want to present some
universal limitations (in the dipole approximation) on their interaction with light.
In general, nanoantennas can be made from two types of materials, i.e. a) metals b)
dielectrics. In the case of metals, nanoantennas support a localized surface plasmon
resonance. This is a collective oscillation of the conduction electrons of the metallic
antenna resonantly coupled to the electromagnetic wave at visible or near-infrared
frequencies [25]. In the case of dielectric nanoantennas, Mie resonances can be ex-
cited. They are also known as whispering gallery resonances [26]. In this section,
we want to explore scattering properties of the aforementioned nanoantennas from
a theoretical point of view. In the following Chapters, we will investigate dierent
types of plasmonic as well as dielectric nanoantennas.
12
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Figure 2.2.1: (a) The geometry of the investigated nanoantenna. The width and
thickness of the nanopatches are W = 250 nm, and t = 50 nm, respec-
tively. The dielectric spacer has a refractive index of n =
√
εr = 1.46
and its thickness is g = 8 nm. The surrounding material is assumed to
be air. (b)-(d) The corresponding Cartesian multipole moments calcu-
lated from two approaches. px is the induced electric dipole moment,
my is the induced magnetic dipole moment, Qxz is the induced electric
quadrupole moment. All other moments are negligible in the expansion.
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2.2.1 Nanoantennas: Electric/magnetic dipole
In this subsection, we explore some universal limitations on the scattering properties
of nanoantennas in dipole approximation [2729]. We show that there is a universal
limitation on the absorption, scattering, and extinction cross sections of a nanoan-
tenna, which supports only an electric/magnetic dipole moment. Let us start with
the simplest case, i.e. a nanoantenna that only supports an electric dipole moment
p. Now, for an incident plane wave with an electric eld polarized along the x-axis
that propagates in z-direction (Eincx , H
inc
y ), the induced electric dipole moment px




where αee is the electric polarizability. It is a scalar here and constitutes the sole
component that matters in the context of the present conguration. Generally, the
electric polarizability is a tensor. In the far-eld, the scattered elds (Esca, Hsca) by
the induced electric dipole moment px are given by [22]
















where n is the normal unit vector. The dependency of the elds on the spatial
coordinate and the frequency is omitted here for brevity. By using the above ex-
pressions, scattered power (i.e. the surface integral of the outward owing ux of
























Now by using the denition of the time-averaged Poynting vector for the illumina-








and Eq. 2.2.3, the total scattering cross section of the induced electric dipole mo-

















(Einc ×H∗sca + Esca ×H∗inc) · n ds,
= −ω
2











The extinction cross section can be dened as Cext =
Pext
I0
= kIm (αee) = kα
′′
ee. It
is well-known that the extracted power Pext = Psca + Pabs is a sum of the scattered
power Psca and the absorbed power Pabs [15]. The same is valid for the cross sections,



























Note that the absorbed power can be dened by a surface integral of the inward
owing ux of the Poynting vector of the total eld through the surface S surrounding
the nanoantenna [see Eq. 2.2.6]. Now we can calculate the maximum absorption cross





ee. The nal results can be written as
dCabs
dα′ee
= 0 → α′ee = 0, (2.2.8)
dCabs
dα′′ee




This suggests that in order to achieve maximum absorption for a nanoantenna,
which supports only an electric dipole response, the nanoantenna should be in reso-
nance, i.e. the real part of the polarizability should be zero. By substituting Eq. 2.2.8





Similarly, by substituting Eq. 2.2.8 and Eq. 2.2.9 into Eq. 2.2.4 the maximum
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Therefore, we can conclude that a nanoantenna which exhibits only an electric
dipole response is most absorptive if the absorbed power is identical to the scattered





. This condition is known as critical coupling [10,
27, 30, 31]. Moreover, it is important to mention that for such a nanoantenna the
scattering/absorption cross section (Cmaxabs or C
max
sca ) can exceed the geometrical cross
section (A) by an order of magnitude. To exemplify these thoughts, let us assume
a nanodisk antenna with a nite height, radius a and geometrical cross section of
A = πa2. The nanoantenna shall be suciently small compared to the wavelength
(ka << 1). Hence, the absorption/scattering cross section can be much bigger than









Note that for metallic nanoantennas the enhanced absorption is associated with the
excitation of surface plasmons, which leads to a huge near-eld enhancement. This
eld enhancement will play a crucial rule to achieve promising applications. For lossy
dielectric nanoantennas at infrared wavelengths the absorption is associated with the
excitation of surface phonons [32]. We wish to stress that the underlying physical
mechanism usually cannot be explained in the context of Maxwell's equations, since
material properties are introduced on phenomenological grounds. However, physical
reasoning using e.g. solid state theory, can explain the origin of the resonance.
Now let us focus on a lossless case, i.e. the absorbed power is zero (Pabs = 0). This
means that the impinging energy of the illuminating plane wave on the nanoantenna
will be scattered backed to the surrounding media. Therefore, the extracted and
scattered power should be identical, i.e. Pext = Psca. This equality leads to a well-














Equation 2.2.10 presents an important physical quantity that is known as the
scattering losses ; also called radiation losses [27, 33]. Note that this quantity is
16
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Figure 2.2.2: (a) Normalized extinction, absorption, and scattering cross sections at
resonance as a function of the normalized Ohmic losses (i.e. γee/γee0).
(b) Normalized extinction, absorption, and scattering cross sections as a
function of the normalized frequency for the lossless case (i.e. γee = 0).
(c) The same plot as (b) but for the case of maximum absorption cross
section or critical coupling (i.e. γee = γee0).
independent of the geometrical parameters and materials the nanoantenna is made
of. These radiation losses only depend on the wavelength. In the next chapter, we will
investigate these scattering losses in detail for a high-index dielectric nanoantenna.
Now, to better understand the aforementioned results, let us assume that the
polarizability of the nanoantenna αee can be expressed by a Lorentzian line-shape










where ω0ee is the resonance frequency, γee express the Ohmic losses (also called non-




to the scattering losses. Note that Eq. 2.2.11 fullls Eq. 2.2.10 if the Ohmic losses
are zero, i.e. γee = 0.
By using Eq. 2.2.10, Eq. 2.2.5, and Eq. 2.2.4, the scattering and extinction cross
17
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To get a broader picture and to be able to explain and understand Eq. 2.2.12 and
Eq. 2.2.13 in detail, we calculated the scattering, absorption, and extinction cross
sections as a function of the normalized Ohmic losses at the resonance frequency
[Fig. 2.2.2 (a)]. Note that the scattering, absorption, and extinction cross sections
are normalized to 6π
k2
, which is the maximum extinction cross section. This occurs
whenever the nanoantenna is lossless, i.e. Cmaxext =
6π
k2
. Moreover, the Ohmic losses
are normalized to the scattering losses in Fig. 2.2.2 (a). In principle, three dierent
coupling regime can be distinguished:
a) Overcoupling (γee << γ0ee): This occurs if the Ohmic losses (i.e. γee) of the
nanoantenna are much smaller than the scattering losses (i.e. γ0ee). Note the scat-







. Figure 2.2.2 (b) shows the normalized
the scattering, absorption, and extinction cross sections as a function of normalized
frequency (i.e. ω/ωres) for the lossless case, i.e. γee = 0. It can be seen that the
scattering and extinction cross sections are identical, i.e Cext = Cabs.
b) Critical coupling (γee = γ0ee): This occurs whenever the Ohmic losses (γee) are
identical to the scattering losses (γ0ee). This condition allows to achieve maximum
absorption. It can be seen that the maximum absorption cross section occurs when-







[Fig. 2.2.2 (a) and (c)]. Figure 2.2.2 (c) shows the same
plot as Fig. 2.2.2 (b) for the case of critical coupling. In this case, the absorption
cross section is identical to the scattering cross section, i.e. Cabs = Csca. Therefore,
the extinction cross section will be Cext = 2Cabs = 2Csca.
c) Weak coupling (γee >> γ0ee): This occurs if the Ohmic losses (γee) are much
larger than the scattering losses (γ0ee). At extremely large Ohmic losses, i.e. γee >>
γ0ee, the scattering cross section is considerably small with respect to the absorption
cross section, i.e. Csca << Cabs. In other words, the absorption cross section is
identical to the extinction cross section, i.e. Cext ' Cabs. This occurs whenever the
nanoantenna is considerably small with respect to the wavelength. The frequency
dependency of the scattering, absorption, and extinction cross sections for the weak
18
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Figure 2.2.3: (a) Schematic of the nanopatch antenna. (b) Normalized extinction,
scattering, absorption cross sections at resonance frequency (λmax) as
a function of width of the investigated patch nanoantenna (i.e. W ).
(c) Normalized extinction, scattering, absorption cross sections as a
function of frequency when the width of nanoantenna is W = 50 nm.
In this case the Cext ≈ Cabs. This occurs for really small nanoantenna
compare to the wavelength. (d) Same as (c) whenever the nanoantenna
is at critical coupling, i.e. Cabs|λmax = Cext|λmax . This occurs if the width
of nanoantenna is W = 90 nm. (e) Same as (d) when the scattering
cross section is dominated W = 40 nm.
coupling regime is not shown here. However, we will investigate that in the following
for a nanopatch antenna.
The aforementioned theoretical results can be applied to an arbitrary plasmonic
nanoantenna as long as it supports only an electric dipole response. In order to
conrm that, we investigate possibly the simplest nanoantenna, i.e. a gold nanopatch
[Fig. 2.2.3 (a)]. The height of the nanopatch is assumed to be t = 15 nm and its
width W is varying from 40 nm to 300 nm. It can be seen that by varying the
width W of the nanoantenna, it is possible to tune the Ohmic losses. This is shown
in Fig. 2.2.3 (a). For small nanoantennas, i.e. W < 60 nm, the absorption cross
section is much larger than the scattering cross section, i.e. Cabs ' Cext [Fig. 2.2.3
(c)]. In principle, this is always valid for a nanoantenna much smaller than the
operating wavelength. By increasing the width of the nanopatch, the critical coupling
(maximum absorption regime) can occur. In the chosen example this happens at for
W =90 nm [Fig. 2.2.3(c)]. Finally, for considerably large nanoantenna, scattering
losses dominate and the extinction cross section might reach its maximum value, i.e.
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Table 2.1: Analytical expression for absorption, scattering, and extinction cross sec-
tions of a nanoantenna which exhibits an electric or a magnetic dipole
moment. An analytical expression for the scattering losses of such nanoan-
































Table 2.2: Universal limitation on the absorption, scattering and extinction cross
































. In other words, the absorption cross section is small compared to the
scattering cross section, i.e. Cext ' Csca >> Cabs.
All the ndings in this subsection are also valid for a nanoantenna which supports
only a magnetic dipole moment. This is briey reected in Table. 2.1. As one can
see from the table, all the equations for a magnetic dipole moment are analogous,
or dual, to those for an electric dipole moment. In fact, this can be understood
from the duality of Maxwell's equations. Note that a similar expression of Eq. 2.2.10








This expression is also called Sipe-Kranendonk condition that can be obtained from
conservation of energy [27]. In chapter 3, we will investigate this expression for a
lossless high-index dielectric nanoantenna. Moreover, we also summarized all our
ndings in this subsection in Table. 2.2. Note that these ndings are valid as long
as the nanoantenna exhibits only an electric/magnetic dipole moment. It is also
interesting to mention that these universal limitations are independent of the shape
and material of the nanoantenna. Experimental verication of some of these claims
can be found in [3436].
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(c)t = 200 nm (d)
Figure 2.2.4: (a) Schematic of the nanoantenna. (b) Normalized scattering cross
section at resonance as a function of thickness of nanoantenna. (c)
Normalized scattering cross section as a function of frequency for t =
200 nm. (d) Field distributions (Ex) at 470THz.
2.2.2 Nanoantennas: Beyond dipole approximation
In the previous subsection, we have shown that there are upper bounds for the
absorption, extinction, and scattering cross sections of a nanoantenna, which supports
only an electric or a magnetic dipole moment. In general, these upper bounds do
not apply if the size of the nanoantenna approaches the wavelength of operation.
In other words, if the nanoantenna supports other multipole moments than just an
electric or a magnetic dipole moment. These higher order multipoles allow to achieve
remarkable scattering features such as super-scattering, super-backscattering, super-
directivity, and super-absorption [28, 3739]. In this thesis, we investigate some of
these unconventional optical features for dierent nanoantennas. In particular, in
this section, we present a simple nanopatch that allows to observe a super-scattering
feature. The term super-scattering applies whenever the maximum scattering cross






In principle, super-scattering can be achieved if a nanoantenna supports multipole
resonances in the same frequency range. It also should operate in the overcoupling
regime, i.e. the absorption losses should be much smaller than the scattering losses.
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t = 250 nm
(a)
Figure 2.2.5: (a) Normalized scattering cross section for a nanopatch with a width
of W = 90 nm and thickness of t = 250 nm. (b) Normalized scattering
and absorption cross sections.
In the previous subsection, we have shown that a nanopatch antenna with consid-
erably small thickness possesses only an electric dipole response. In order to excite
higher order modes for such a nanoantenna, we propose a nanopatch with a larger
thickness. As already shown in Fig. 2.2.3 (a), in order to operate in the overcou-
pling regime, the width of the nanoantenna should also be large, e.g. W = 250 nm
[Fig. 2.2.3]. Figure 2.2.4 (a) shows the schematic of the investigated nanoantenna.
It is illuminated by a plane wave with an electric eld polarized along the x-axis
that propagates in the z-direction. The normalized total scattering cross section as a
function of thickness of the nanopatch is shown in Fig. 2.2.4 (b). The contributions
of dierent Cartesian mulipole moments are equally shown in the same plot. For the
thin nanopatch (i.e. t < 100 nm), the contributions from the electric dipole moment




the thickness of the nanopatch, the electric quadrupole and magnetic dipole moments
tend to contribute notably to the scattering response. This enhances the total scat-
tering cross section. Figure 2.2.4 (c) depicts the scattering cross section as a function
of frequency for a nanopatch with thickness t = 200 nm. It can be seen that the total
scattering cross section is considerably enhanced around 470 THz. This occurs due to
the excitation of electric and magnetic dipole moments as well as electric quadrupole
moment at the same frequency range. The eld distribution also conrms that the
nanopatch hugely scatters the impinging light [Fig. 2.2.4 (b)]. In the following chap-
ters, we will discuss various nanoantennas with super-directive patterns. We will
show that a super-directive antenna can be realized if the amplitude and phase of
dierent multipoles are properly balanced.







which is sometimes called the super-absorption regime. In prin-
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ciple, this regime of absorption can be achieved if the nanoantenna supports more
than one mode (i.e. higher order mulipoles) in the same frequency range and also
operate at the critical coupling regime. To verify this we also calculate the scattering
and absorption cross sections of a nanopatch which supports electric and magnetic
dipole moments as well as electric quadrupole moment [Fig. 2.2.5 (a)]. It can be seen








shown in Fig. 2.2.5 (d) with a black dashed line.
2.3 Optical properties of an array of nanoantennas:
Dipole approximation
In this section, we shortly introduce an analytical approach to calculate the optical
response in terms of reection and transmission of of a periodic array of nanoan-
tennas. We assume that the nanoantenna is considerably small with respect to the
wavelength such that it only supports electric and magnetic dipole moments. We
start with the generalized boundary conditions (interface conditions) for such an ar-
ray of nanoantennas. By using these boundary conditions, we calculate the reected
and transmitted electric elds. Finally, we discuss the optical response of an array
of nanoantennas sustaining electric dipole moments and show that its absorption is
limited to 50 percent. This is a universal limitation for an array of nanoantennas
which support only electric dipole moments. Due to the symmetry in Maxwell's equa-
tions, the same limitation holds for an array of nanoantennas sustaining magnetic
dipole moments. We also propose various approaches to overcome this limitations,
e.g. using an array of nanoantennas that exhibit both electric and magnetic dipole
moments, an array of nanoantennas that exhibit electric or magnetic dipole moment
deposited on top of a metallic ground plate, and also an array of nanoantennas that
sustain an electric dipole and quadrupole moments. Eventually, we wish to note
that in the following we speak synonymously about an array of nanoantennas that
sustain, e.g., an electric dipole moment and an arrays of electric dipole moments. In
the description this is indistinguishable.
2.3.1 Generalized boundary conditions and reected and
transmitted elds
The aim of this subsection is to establish the relation between the reected and trans-
mitted electric and magnetic elds with the transverse induced electric and magnetic
surface polarizations (Pst , M
s






































Figure 2.3.1: A surface consists of an electric Jse and a magnetic J
s
m current densities,
which is illuminated by forward (a) and backward (b) incident plane
wave.
to the transverse components of the the induced electric and magnetic surface po-
larizations (Ps, Ms). The normal components (Psn, M
s
n) are only important for an
oblique incidence which will not be investigated in this thesis. Afterwards it will
be shown that how the surface polarizabilities depend on the polarizabilities of the
individual nanoantennas. This allows a closed form expression for the reection and
transmission of a nanoantenna array in terms of the properties of the individual con-
stituents. Let us start with the generalized boundary conditions at normal incidence.
They are given by [27,4043]:
n× E|0+z=0− = n× (E2 − E1) = iωµMst , (2.3.1)
n×H|0+z=0− = n× (H2 −H1) = −iωPst . (2.3.2)
E (z = 0+) = E2 and E (z = 0
−) = E1 are the total transverse electric elds at the
interface in the upper (i.e. z = 0+) and lower (z = 0−) half space relative to the
array. The same holds for the transverse magnetic elds (H1 and H2 ) [Fig. 2.3.1].
The induced averaged surface electric and magnetic current densities are dened as
Jse = −iωPst and Jsm = −iωµMst . By using these denitions, the boundary (interface)
condition can be expressed as
n× (E2 − E1) = −Jsm, (2.3.3)
n× (H2 −H1) = Jse. (2.3.4)
Note that we explicitly consider two dierent illumination directions: a) forward
and b) backward [Fig. 2.3.1]. This is only important when the array shows a dierent
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optical response with respect to the illumination directions. In principle, this occurs
if the array is made of bianisotropic nanoantennas. In Chapter 3 we will discuss such
nanoantennas in detail. In Fig. 2.3.1, the array is illuminated by a plane wave for





Here, Ei and Hi are the electric and magnetic incident elds and the Z is the
impedance of the medium. We assume here for simplicity that the upper and lower
medium have the same impedance (i.e. the nanoantennas are embedded in uniform
medium). Extensions to an asymmetric optical environment can easily be made.
The ∓ sign in Eq. 2.3.5 denotes a forward/backward incident plane wave. They
do propagate in the positive/negative z-direction. According to Fig. 2.3.1 (a), the
electric and magnetic elds at the interface in the upper (z = 0+) and lower (z = 0−)
half space for the forward illumination direction are given by
E1 = Ei + Er H1 = Hi + Hr, (2.3.6)
E2 = Et H2 = Ht, (2.3.7)
where Er and Hr are the reected elds and Et and Ht are the transmitted elds.
By substituting Eq. 2.3.6 and Eq. 2.3.7 into Eq. 2.3.3 and Eq. 2.3.4 and using the
relation between electric and magnetic elds for a plane wave, i.e. Eq. 2.3.5, the
following expression for the elds can be found:
Et − Ei − Er = n× Jsm, (2.3.8)
−Et + Ei − Er
Z
= Jse. (2.3.9)
By a simple algebra, we can nd the relation between reected/transmitted eld






(ZJse + n× Jsm) , (2.3.10)
Et = Ei −
1
2
(ZJse − n× Jsm) . (2.3.11)
Similar expressions can be found for a backward illumination. The electric and
magnetic elds at the interface in the upper (z = 0+) and lower (z = 0−) half space
for a backward illumination are given by [Fig. 2.3.1(b)]
E2 = Ei + Er, H2 = Hi + Hr,
E1 = Et, H1 = Ht,
and nally, by using the same procedure, the reected and transmitted elds for




(ZJse − n× Jsm) , (2.3.12)
Et = Ei −
1
2
(ZJse + n× Jsm) . (2.3.13)
In the following sections, we use Eqs. 2.3.10, till 2.3.13 to calculate the reection
and transmission coecients of an array of nanoantennas.
2.3.2 Array of nanoantennas: Universal limitations
In this section, we focus on the optical properties of periodic array of nanoantennas
in dipole approximation [27,4448]. In particular, we start with an array of nanoan-
tennas which exhibits only an electric or a magnetic dipole moment. We will show
that the absorption of such an array is fundamentally limited to 50 percent. In fact,
this holds for an arbitrary nanoantenna, independent of shape and material, as along
as its scattering response is properly described by an electric or magnetic dipole
moment. To overcome this limitation, i.e. to enhance the absorption, we explore
dierent approaches. We show that an array of nanoantennas which exhibits both
electric and magnetic dipole moments can be used to achieve complete light absorp-
tion. This occurs if the electric and magnetic dipoles are in a balanced condition.
Another approach to enhance the absorption is by using an array of nanoantennas
(with induced electric/magnetic dipoles) on top of a metallic ground plate. This will







Amax  = 50%Universal limit on absorption:
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Figure 2.3.2: (a) Geometry of an innite periodic array of nanoantennas which sup-
ports only electric dipole moment. The array is embedded in a uniform
homogeneous host medium and excited by a plane wave. The two-
dimensional array is periodic in x-y plane. (b) The radiated elds by
the average electric current density Jx in the case of maximum absorp-
tion, i.e. Amax = 0.
2.3.2.1 Periodic array of electric/magnetic dipole moments
The interaction of light with a periodic array of optically small nanoantennas is an
interesting and fundamental problem which attracts tremendous interests and leads
to promising applications [4951]. These arrays are also called metasurfaces. In
this section, we will investigate a limitation concerning the optical properties of such
an array of nanoantennas. We assume that nanoantennas are optically small such
that the external incidence eld can only excite electric dipole moments. We show
that a periodic array of electric dipole moments can only absorb 50 percent of the
impinging light. Afterwards we also briey consider in analogy the situation of an
array of magnetic dipole moment.
Let us consider an innite planar array of optically small nanoantennas, which sup-
ports only an electric dipole moment. The dipole moment shall be oriented along the
x-axis. The array is excited by a plane wave (normal incidence) with an electric eld
polarized along the x-axis that propagating in the positive z-direction [Fig. 2.3.2].
We assume that the array of nanoantennas is situated in the xy-plane and embed-
ded in a homogeneous lossless medium. The period Λ of the array is suciently
small compared to the wavelength d << λ. d is a measure for the spatial extent of
the individual nanoantenna. The shape of the nanoantennas can be arbitrary, e.g.
nanopatches, nanodiscs, nanostrips, nanospheres, or nanocylinders. We require an
illumination to induce only a co-polarized an electric dipole moment, i.e. px. All the
higher order multipole moments should be negligible. Now, in order to calculate the
optical response of a periodic array of electric dipole moments [Fig. 2.3.2 (b)], let
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us start to express the induced electric dipole moment px excited by an x-polarized




where αee is the electric polarizability, E
loc
x is the local electric eld at the dipole






x is the incident electric eld and
Eintx is the interaction eld created by the rest of the electric dipole moments in














where R0 = Λ/1.438 is the eective inter-particle distance. This is calculated for the
quasi-static case [44] and it is a good approximation as long as the nanoantennas are
small compared to the wavelength. Details about the derivation of the interaction
constant βee can be found in Ref. [27, 44]. Note that the imaginary part of the
interaction constant for a periodic array can be calculated without any approximation
by using a conservation of energy [27] and can be written as















where, the rst term corresponds to the scattering losses (i.e. − k3
6π
) and the second
term (i.e. k
2Λ2
) is related to the plane wave created by the induced averaged electric
surface current. Finally, the interaction constant can be written as






















By using Eq. 2.3.14 and the local eld denition, the induced electric dipole mo-











1−αeeβee is the so-called eective or renormalized electric polarizability
of the array. To calculate the reection and transmission coecients, we use the gen-
eralized boundary condition Eq. 2.3.11, i.e. Erx = −12ZJx and the induced averaged
electric surface current density, i.e. Jex = −iω
px
Λ2
. Note that the average magnetic































Note that Eq. 2.3.20 and Eq. 2.3.22 hold only for an optically thin layer of nanoan-
tennas (metasurface). From the reection and transmission coecient the absorption
can be calculated. It read as
A = 1− |r|2 − |t|2 = 1− |r|2 − |1 + r|2. (2.3.23)
The reection coecient is a complex number and can be written as r = rr +
iri. Here, rr is the real part and ri is the imaginary part of the complex reection
coecient r. Thus, the absorption can be written as
A = −2 (1 + rr) rr − 2r2i . (2.3.24)
Now we can nd the condition for maximum absorption for an array of electric
dipole moments by dierentiating the absorption A with respect to rr and ri and











= 0 → ri = 0. (2.3.26)
Therefore, in order to obtain maximum absorption, the reection and transmission
coecients of the array should be r = −1
2
, t = 1 + r = 1
2
. By substituting these
values of r and t into Eq. 2.3.23, we can prove that an array of electric dipole moments
can only absorb 50 percent of an impinging light, i.e. Amax =
1
2
. This is a universal
limitation that holds for nanoantenna as long as it supports only an electric dipole
moment. In order to cancel the incident eld, the array of electric dipole moments
should radiate a plane wave with the same amplitude in both forward and backward
directions. The optimum case occurs when only half of the incident eld is canceled
as shown in Fig. 2.3.2. In the case of the maximum absorption, the induced averaged
electric surface current density will be Jex =
Eincx
Z
. The corresponding individual





For a dense array of lossless (no Ohmic losses) nanoantennas, it can be easily
shown that the reection coecient at resonance will reach r = −1, therefore, the
transmission coecient should be zero t = 1 + r = 0. As a result, the corresponding





Note that by using Babinet's principle, all the aforementioned ndings can be
applied to a metallic lm with an array of holes. This explains why an array of holes
possesses a total transmission at the resonance known as an extraordinary optical
transmission (EOT) [5254].
In order to quantitatively understand the fundamental limitation of absorption
for an array of electric dipole moments, let us now assume that polarizability of an
individual nanoantenna possesses a Lorentzian line-shape given by Eq. 2.2.11. By

































0 = ω0 − Re (βee)α0ee is the resonance frequency of the array which is
slightly red-shifted compared to the resonance of an individual nanoantenna (i.e. ω0).
The reection coecient at the resonance frequency ω = ω
′













) = − γ0ee
(γee + γ0ee)
. (2.3.30)
γ0ee is dened as γ0ee =
α0
2Λ2c0














To better understand all the aforementioned results, the reection, transmission,
and absorption of an array of electric dipole moments at the resonance frequency as
a function of the normalized dissipation losses (i.e. γee/γee0) are shown in Fig. 2.3.3
(a). It can be seen that the maximum reection (i.e. Rmax = |rmax|2 = 1, rmax = −1)
occurs if the nanoantennas in the array are lossless, i.e. γee = 0 [Fig. 2.3.3 (a)-(c)].
The transmission (t = 1 + r) for such a lossless array goes to zero at resonance
frequency [Fig. 2.3.3 (b) and (c)].
The array will achieve its maximum absorption, i.e. Amax =
1
2
, if the dissipation
loss is equal to γee = γ0ee =
α0
2Λ2c0
. This point of operation is shown with red line in
Fig. 2.3.3 (a) and (d). In this case, the reection and transmission coecients will be
r = −1/2, t = 1/2. This can be easily seen in Fig. 2.3.3 (e). As a practical example
of the theoretical ndings of this section, in the beginning of chapter 3, we investigate
an array of gold nanopatches which exhibits only an electric dipole moment. We will
show that it is possible to achieve the point of maximal absorption for the array by
proper varying the geometrical parameters of the nanopatches and the periodicity
such that it satises Eq. 2.3.27. The optical response of the array will be similar to
the Fig. 2.3.3 (d) and (e).
The optical response of a periodic array of magnetic dipoles can be found by using
a similar approach explained above. Here, we briey explain it. The schematic of
the array of nanoantennas which is illuminated by a plane wave with an electric eld
polarized along the x-axis is shown in Fig. 2.3.4 (a)-(b). We assume the induced
magnetic dipole moments are in y-direction, i.e. my = αmmH
loc
y , where αmm is the




y is the local magnetic eld at the dipole
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Figure 2.3.3: (a) Transmission, reection, and absorption at resonance frequency as
a function of normalized dissipation losses (i.e. γee/γ0ee ). Maximum
absorption (i.e. Amax = 0.5) occurs whenever γee = γ0ee (red line). (b)
The transmission, reection, and absorption as a function of normalized
frequency for the lossless case, i.e. γee = 0. (c) The same plot as (b) for
the reection and transmission coecients. (d) -(e) Same plots as (b)
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Figure 2.3.4: (a) Geometry of an innite periodic array of magnetic dipoles in a
uniform host medium excited by plane wave. The two-dimensional array
is periodic in x-y plane. (b) The radiated eld by the average magnetic
current density in the case of maximum absorption.
position. H incy is the incident magnetic eld and H
int
y is the interaction eld created
by the rest of magnetic dipole moments in the array [27]. The interaction eld is
proportional tomy and can be expressed byH
int
y = βmmmy. The magnetic interaction
constant is identical to the electric one (i.e. βmm = βee). Now by considering the
















and consequently, the reection is given by







The transmission coecient can be found from the reection coecient that is
t = 1−r. To nd the maximum absorption of the array, we start with the absorption
denition A = 1 − |r|2 − |1 − r|2 and using the complex reection coecient, i.e.
r = rr + iri. This allows us to write the absorption as
A = 2 (1− rr) rr − 2r2i . (2.3.31)
Now by dierentiating the absorption A with respect to rr and ri we can nd the
condition for maximum absorption for an array of magnetic dipole moments. The
reection and transmission coecients should be r = 1
2





Table 2.3: Analytical expressions for transmission , reection, absorption of a nanoan-












αeee t = 1 + r A ≤ 12
magnetic dipole
m = αmmH
r = − ik
2Λ2
αemm t = 1− r A ≤ 12
maximum absorption (Amax =
1
2
) can be obtained for an array of magnetic dipoles
in a homogeneous lossless media. The induced averaged magnetic surface current
density is Jmy = E
inc
x for case of the maximum absorption.
We briey summarize all the nding of this section in Table 2.3. In principle it
shows that due to the duality of Maxwell's equations, the response of an array of
magnetic dipole moments is similar to the electric one. One of the important nding
of this section is that an array of electric/magnetic dipole moments can only absorb
50 percent of impinging light. This is a universal limitation and is true for an array
of arbitrary nanoantennas which only support electric/ magnetic dipole moments. In
the following section, we will show that we can exceed this limit by using an array
of nanoantennas that are characterized simultaneously by an electric and magnetic
dipole moments. Eventually, complete light absorption is possible.
2.3.2.2 Periodic array of electric and magnetic dipole moments
In previous subsections, we have shown that there is an upper limit for the absorption
by an array of nanoantennas that supports either an electric or a magnetic dipole
moment. Here, we want to investigate the optical response of a periodic array of
nanoantennas which supports both electric and magnetic dipole moments. The array
is located in the xy-plane and illuminated by a plane wave with an electric eld
polarized along the x-axis that propagates in the positive z-direction [Fig. 2.3.5].
The period of the array is Λ which is suciently small compared to the wavelength
λ. The relation between the induced dipole moments (px,my) and incident elds
(Eincx ,H
inc




























x . For simplicity, we assume here
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in the following that the nanoantenna is not bianisotropic, i.e. αemxy = α
me
yx = 0. A
bianisotropic nanoantenna will be investigated in detail in the next chapter. By using
the generalized boundary condition and the averaged electric and magnetic current
density (i.e. Eq. 2.3.11), we can write the reected Erx and transmitted E
t
x electric










(Zpx + µ0my) . (2.3.33)
Now by employing the relation between local elds and incident elds, we can

















where α̂eexx and α̂
mm
yy are the eective polarizability of the array. By substituting
Eqs. 2.3.34 and 2.3.35 into Eq. 2.3.32 and Eq. 2.3.33, the reection and transmission




















yy − αeexxαmmyy [βee + βmm]
)
, (2.3.37)
where ∆ee = 1 − αeexxβee and ∆mm = 1 − αmmyy βmm. Note that βee = βmm. Finally,
the absorption can be expressed as
A = 1− |r|2 − |t|2 ,




α̂eexx and rmm =
ik
2Λ2
α̂eexx. In order to maximize the absorption, we
can dierentiate ree as well as rmm with respect to its the real and imaginary parts.
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Figure 2.3.5: (a) Geometry of an innite periodic array of nanoantennas that support
electric and magnetic dipole moments in a uniform host medium excited
by a plane wave. The two-dimensional array is periodic in x-y plane.
(b) show the radiated eld by the average magnetic current density in
the case of maximum absorption.
ree = rmm = −
1
2
⇒ α̂eexx = α̂mmyy . (2.3.39)
The above condition, i.e. α̂eexx = α̂
mm
yy , is called balanced condition for the eective









Note that the maximum absorption for an array of electric and magnetic dipoles
(i.e. Amax = 1) is twice the absorption that can be obtained for the array of elec-
tric/magnetic dipoles. At maximum absorption, the array will completely cancel the
incident eld in the forward direction without generating any backward wave, i.e. re-
ection [Fig. 2.3.5 (b)]. Moreover, the relation between the induced averaged electric







which simply means that the array is impedance matched with the embedded
medium. On the other hand, we can also nd the relation between electric and

































Figure 2.3.6: (a) The transmission, reection, and absorption as a function of normal-
ized frequency for the lossless nanoantennas, i.e. γee = 0 and γmm = 0.







. We assumed that the Λ = λres/5 and
α0ee = 8α0mm = Λ× c20.
Now, in to order to understand the complete absorption for an array of electric and
magnetic dipole moments in details, let us assume that the dispersive characteristics
of the eective polarizabilities of the nanoantenna can be described by a Lorentzian



















where ω0ee and ω0mm are the electric and magnetic resonance frequencies. γ0ee
and γ0mm are the Ohmic losses and α0ee and α0mm are the corresponding oscillator
amplitudes. By using Eq. 2.3.20 and the inter-particle interaction constant, i.e. βee =
















































0mm = ω0mm − < (βmm)α0mm and ω
′
0ee = ω0ee − < (βee)α0ee are the reso-
37
2 Analytical framework
nance frequency of the electric and magnetic dipoles in the array. The transmission
coecient will be












































Here, we study in detail two cases, namely a lossless scenario that of maximum




0mm = ωres. Let us
start with the lossless case. Figure 2.3.6 (a) shows the transmission, reection, and
absorption as a function of normalized frequency when the nanoantenna is lossless,
i.e. γee = γmm = 0. In this case, the transmission is similar to possesses features
known in the context of electromagnetically induced transparency (EIT) [55]. The
array shows zero absorption and the reection vanishes at the resonance frequency.
In the case of complete absorption, the Ohmic loss for the electric and magnetic






, respectively. Figure 2.3.6 (b) depicts the spectral
dependency of the optical coecients in such situation. At the resonance frequency,
we observe complete absorption. It is interesting to mention that one may achieve
the electromagnetically induced absorption (EIA) by proper tuning of the electric
and magnetic dipole moments [56,57]. This can be seen in Fig. 2.3.6 (b). In the next
chapter, we will investigate an actual example for an array of nanoantennas made
from nonidentical coupled nanopatches, which exhibit balanced electric and magnetic
dipole moments.
2.4 Complete light absorption: Physical
mechanisms
As shown in the previous sections, an array of electric or magnetic dipole moments
can only absorb 50 percent of the impinging light [Fig. 2.3.7 (a) and (b)]. One of
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Figure 2.3.7: Schematic view of dierent approaches to enhance the absorption. (a)
and (b) Array of electric/magnetic dipole moments. (c) Array of elec-
tric and magnetic dipole moments. (d) Array of electric dipole and
electric quadrupole moments. (e) and (f) Array of electric/magnetic
dipole moments on top of a metallic ground plate separated by a dielec-




the questions that we aim to properly address in this thesis is how to increase the
absorption of an array of plasmonic nanoantennas beyond the limits imposed when
considering nanoantennas that sustain only an electric or a magnetic dipole moment?
In this section, we briey review some of the fundamental approaches that can be
used for this purpose [Fig. 2.3.7]. They can be summarized as follows:
• Using an array of electric and magnetic dipole moments : As shown in previous
sections, an array of electric and magnetic dipole moments can fully absorb the
impinging light [Fig. 2.3.7 (c)]. We will discuss it in details in Chapter 3. In
particular, we will show that an array of nonidentical coupled nanopatches can
act as a perfect absorber.
• Using an array of electric or magnetic dipole moments on top of a metallic
ground plate: Complete light absorption can be achieved by using two dierent
schemes, namely near-eld scheme or far-eld interference scheme [Fig. 2.3.7
(e) and (f)]. This will be discussed in Chapter 4.
• Using an array of electric dipole and electric quadrupole moments : Complete
light absorption can be achieved if the amplitude and phase of both moments




In the previous chapter, we introduced an analytical tool to quantify the scattering
response of a single nanoantenna based on the multipole expansion of its scattered
eld. We also derived some universal limitations for nanoantennas, which exhibit only
an electric or a magnetic dipole moment. We showed that an array composed of such
nanoantennas can absorb at most 50 percent of impinging light. We also analytically
showed that for an array of nanoantennas, which support both electric and magnetic
dipole moments, it would be possible to achieve a complete light absorption. In
this chapter, we study in detail an experimentally feasible metasurface that entirely
absorbs the incident illumination and which relies on nanoantennas that sustain both
an electric and a magnetic dipole moment.
In the rst part of this chapter, we explore the optical properties of three dif-
ferent plasmonic nanoantennas made of nanopatches, i.e. a single nanopatch, cou-
pled identical nanopatches, and coupled nonidentical nanopatches [Fig. 3.1.1]. We
start the analysis by considering the simplest plasmonic nanoantenna, i.e. a sin-
gle nanopatch. We show that such a nanoantenna exhibits only an electric dipole
response. This response occurs because of the excitation of the localized surface plas-
mon polariton [Fig. 3.1.1 (a)]. The forward and backward scattering response of such
nanoantenna are identical. Afterwards, we investigate a nanoantenna made of two
identical coupled nanopatches, which possesses a magnetic response beside the elec-
tric one [Fig. 3.1.1 (b)]. This magnetic response is linked to the antisymmetric mode
in the coupled system. Its existence can be explained by hybridization theory [58,59].
The additional excitation of this magnetic response provides more degrees of freedom
to control the optical response of the nanoantenna. The radiation pattern of such
a nanoantenna can be tuned from a dipole-like to a more directive one by varying
the dielectric spacer between the two nanopatchs [Fig. 3.1.1 (b) and (d)]. This di-
rective radiation pattern is occurs because of to an interference between the radiated
far-elds of the induced electric and magnetic dipole moments. However, it oers an
identical optical response, when illuminated from forward and backward directions.
In particular, we show that the absorption/scattering cross section of such a nanoan-
41
3 Bianisotropic nanoantennas
Thin dielectric spacer: electric quadrupole is negligible.
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Figure 3.1.1: Schematic view of the investigated plasmonic nanoantennas in this
chapter and the corresponding induced moments, when illuminated by
an x-polarized plane wave (Ex, Hy). (a) Single nanopatch, (b) identical
coupled nanopatches with a thin dielectric spacer, (c) nonidentical cou-
pled nanopatches with a thin dielectric spacer, and (d) identical coupled
nanopatches with a thick dielectric spacer.
tenna is independent of the illumination directions. Next, we study a nanoantenna
made of two coupled nanopatches with dierent lateral dimentions [Fig. 3.1.1 (c)].
We will show that such a nanoantenna exhibits a resonant magneto-electric (bian-
isotropic) coupling, in addition to the resonant electric and magnetic coupling. Bian-
isotropic coupling occurs whenever an electric or a magnetic response is induced by
the local magnetic/electric eld. This causes dierent induced electric and magnetic
dipole moments when the nanoantenna is illuminated by a plane wave from opposite
directions [Fig. 3.1.2 (a)-(b)]. This asymmetric nanoantenna possesses an optical
response similar to the omega-particle at microwave frequencies (or in the microwave
regime) [27, 60]. However, it has the unique advantage that frequency and strength
of its magneto-electric resonance can be tuned with respect to the corresponding val-
ues of the electric resonance. We show that the proposed bianisotropic nanoantenna
possesses a directive radiation pattern with a vanishing scattering into the backward
direction. The bianisotropic coupling also provides an additional remarkable feature
in the optical response of an array of such nanoantennas. In particular, it enables
an asymmetric reection and transmission, i.e. the optical properties explicitly and
strongly depend on the illumination direction. Finally, we introduce a novel nanoan-
tenna with tunable radiation pattern. This is done by considering a phase change
material (PCM) as a dielectric spacer of the nonidentical nanoantenna. We show
that the pattern of such nanoantenna can be tuned by an external laser pulse, which
changes the state of the PCM from an amorphous to a crystalline state. This causes
an strong change in the permittivity of the PCM and allows to tune the radiation
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p+x    ≠ p
-
x


















Figure 3.1.2: Schematic view in the x-z-plane of a bianisotropic nanoantenna illumi-
nated from forward (a) and backward directions (b), respectively. The
induced dipole moments in forward (p+x ,m
+





directions are dierent, i.e. p+x 6= p−x ,m+y 6= m−y .
pattern of the nanoantenna; i.e. from a purely dipole-like to a directive one.
In the second part of the present chapter, we investigate the optical properties
of a lossless high-index dielectric nanoantenna, i.e. silicon nanodisk. This nanoan-
tenna possesses an electric and magnetic dipole response. This permits to achieve
interesting optical features such as a directive radiation pattern; known as the rst
Kerker condition [20,26,61]. More sophisticated features such as super-scattering and
super-directivity can be achieved by using higher order multipole moments [28,37,39].
However, they are more complicated from a theoretical point of view. Therefore, we
propose a novel high-index dielectric nanoantenna with bianisotropic coupling which
oers an additional degree of freedom. This oers more control on the scattering
features in the dipolar approximation. This is done by introducing a cylindrical air
hole in a high index dielectric cylinder. The bianisotropic coupling can be tuned by
varying the geometrical parameters of the cylindrical air hole. This allows to have
a dielectric nanoantenna with dierent backscattering or radiation patterns when
illuminated from forward or backward directions. Finally, we show that a proper
geometrical tuning of such a nanoantenna is capable of providing a 2π phase change
in the reection spectrum with a rather large amplitude. This renders such nanoan-
tennas to be interesting ingredients for potential reectarrays.
We note that most of the ndings of this chapter have been previously published
in Ref. [47,62,63].
3.2 Bianisotropic nanoantennas: Theory
In this section, we present a simple approach to retrieve all the relevant polariz-
ability components of an arbitrary bianisotropic nanoantenna [47, 6468]. They link
the induced dipole moments to the local external electric and magnetic eld. We
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analytically deduce the scattering, absorption, and extinction cross sections of a
bianisotropic nanoantenna in dipole approximation. This suggests that the nanoan-
tenna only supports electric and magnetic dipole moments and all the higher-order
moments are negligible. We assume that the electric/magnetic moment is induced
by incident electric and magnetic elds of the plane wave. The relation between
the induced electric dipole moment vector p = (px, py, pz)
T , magnetic dipole mo-
ment vector m = (mx,my,mz)
































































are the electric/magnetic and electro-magnetic/magneto-
electric polarizability dyadic of individual nanoantennas, respectively. Equation 3.2.1


























































































According to Eq. 3.2.3, the polarizability tensor has 36 components. In order to
retrieve all the components, it is necessary to use six dierent illuminations (three
pairs of numerical calculation with mutually perpendicular plane wave illuminations).
This is illustrated exemplary in Fig. 3.2.1(a), where an arbitrary nanoantenna is il-
luminated by an x-polarized plane wave at normal incident for both illumination
directions (±). Eincx and H incy = Eincx /Z are the electric and magnetic eld ampli-
tudes, respectively. The corresponding electric and magnetic dipole moments for
































x ± αmmzy ZH incy .
Now, by adding and subtracting Eqs. 3.2.4 and 3.2.5, we can obtain the following



























































H incy = E
inc
x /Z. Finally By applying the aforementioned procedure for two remaining
pairs of illuminations, i.e. for plane waves propagating in ±x and ±y illumination
directions [Fig. 3.2.1 (b) and (c) respectively], we can obtain all components of the
polarizability tensor.
Having all the polarizabilities components of an arbitrary bianisotropic nanoan-
tenna, we can calculate its scattering, extinction, and absorption cross sections. Let























Figure 3.2.1: Sketches of plane waves for three pairs of illuminations to retrieve all
the components of the polarizability tensor, where kx, ky, and kz are




































































where the dagger symbol (i.e. †) denotes the Hermitian (conjugate transpose). On







(Einc ×Hsca∗ + Esca ×H∗inc) · nds,
= −ω
2







































Note that, in this thesis, we are only interested in the bianisotropic nanoantenna
that preserve the polarization and do not produce the cross-polarized dipole moments,
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known as omega-type bianisotropic [60]. Therefore, for an x-polarized plane wave


















All the other dipole moments should be zero, i.e. py = pz = 0 and mx = mz = 0.
By using Eq. 3.2.7 and the time averaged Poynting-vector for the illuminating plane
wave (intensity) I0 =
|Einc|2
2Z




(∣∣αeexx ± αemxy ∣∣2 + ∣∣αmeyx ± αmmyy ∣∣2) . (3.2.12)
Here, ± indicate dierent illumination directions (forward and backward). By us-
ing Eq. 3.2.9 and Eq. 3.2.11, the extinction cross section of a bianisotropic nanoan-
tenna for both forward and backward illumination directions is given by
C±ext = k Im
(
αeexx ± αemxy ± αmeyx + αmmyy
)
. (3.2.13)
It is interesting to mention that for lossless nanoantennas, i.e. Cabs = 0, the
scattering cross section is identical to the extinction cross section for both illumina-
tions C±sca = C
±





























yy − αemxy αmeyx
)
= 0.
These equations are known as the generalized Sipe-Kranendonk [33, 64]. They
hold only for lossless nanoantennas. Till now, we discussed the scattering properties
of individual nanoantennas. Let us calculate the optical properties of an array of
such nanoantennas from the induced polarizabilities. We can start from the relation






















where Elocx and H
loc

















mmmy are the interaction
electric/magnetic eld created by all other electric dipoles in the array. By using
the generalized boundary condition and the averaged electric and magnetic current
density (i.e. Eq. 2.3.11), we can deduce the reection and transmission coecients





αeexx ± αemxy ∓ αmeyx − αmmyy
]
, (3.2.15)














where ∆t = 1− αeexxβee − αmmyy βmm − (αemxy αmeyx − αeexxαmmyy )βeeβmm [47, 69, 70].
3.3 Plasmonic nanoantennas
In this section, we numerically and analytically investigate the optical properties of
three dierent nanoantennas made of nanopatches. In particular, we show that a sin-
gle nanopatch possesses only an electric response. The identical coupled nanopatches
can provide additionally a magnetic response [50, 71, 72]. This allows to have better
control on the optical response of a single nanoantenna as well as an array. To obtain
even higher control, we propose a nanoantenna made of two nonidentical coupled
nanopatches, which leads to an additional magneto-electric coupling. This coupling,
in dipole approximation, provides the most comprehensive control on the reection
and transmission spectra of the array as well as the scattering of the individual
nanoantennas [60]. We show that it can oer remarkable optical features such as a
directional radiation pattern, asymmetric reection, and perfect absorption [47].
3.3.1 Single nanopatches
We start with the simplest nanoantenna that has been extensively investigated in the
literature [49]. That is a gold nanopatch as shown in Fig. 3.2.2 (a). Note that the
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Figure 3.2.2: (a) Schematic of nanopatches antenna. (b) Current distributions at
electric resonance frequency. (c) Extracted electric polarizability com-
ponent of the investigated nanoantenna. (e) Analytical [using Eq. 2.3.20
and 2.3.22] and full wave simulation results for reection and transmis-
sion spectra of the array shown in (d). The period of the array is
Λ = 400 nm, the dielectric spacer has a refractive index of n = 1.46.






































Figure 3.2.3: (a) Schematic view of the rectangular nanopatches designed for maxi-
mum absorption, i.e. Amax =
1
2
. (b) The reection, transmission and
absorption spectra. (c) The reection and transmission coecients.
Note that at resonance, r|res = −12 and t|res =
1
2
. The period in x and y
directions are Λx = 320 nm and Λy = 500 nm. The gold nanopatch has
a thickness t = 15 nm and a width of Wx = 100 nm and Wy = 145 nm.
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holds for dierent type of nanoantennas such as nanodisks, nanostrips, nanospheres,
nanocylinders, and nanorings. We will investigate in details the optical properties of
dierent type of nanoantennas made of nanorings in the last chapter. The electric
polarizability αeexx of the investigated nanoantenna is depicted in Fig. 3.2.2 (c). The
gold nanopatch supports an electric resonance in response to an incident electromag-
netic eld whenever a localized surface plasmon polariton is excited [Fig. 3.2.2 (b)].
Notice that all the other polarizability components of the nanopatch are negligible.
As a result, a planar array composed of nanopatches should also provide an electric
resonance behavior in response to a plane wave illumination. This is done by using
the introduced theoretical model in the previous chapter and full wave simulation
[Fig. 3.2.2 (e)]. The electric resonance is the only mechanism which can be used
to control the optical response of the array response. In other words, the response
can be controlled by changing the patch dimensions, i.e. resonance frequency of the
nanopatch and the distance between the nanopatches; i.e. interaction constants βee
[Fig. 3.2.2 (e)]. However, with such simple nanopatches, only very limited control
over the level of reection and transmission spectra can be achieved. Note that, the
optical response of the array is identical when illuminated from opposite directions.
This is true for an array with only electric/magnetic response without bianisotropy.
It can be seen that the absorption of the array is small at the resonance frequency
due to the notably smaller absorption losses when compared to scattering losses
[Fig. 3.2.2 (e)]. By proper tuning the geometry of nanopatches, the absorption of
the array can be enhanced. As explained in the previous chapter, the maximum
absorption is limited to 50 percent. This occurs when the reection and transmission
of the array are r = −1
2
and t = 1
2
, respectively [Fig. 3.2.3 (c)]. In order to prove that
we also optimized the array such that it can absorb 50 percent of the impinging plane
wave [Fig. 3.2.3 (c)]. This is shown in Fig. 3.2.3 (b). The dimensions of the optimized
nanopatches are given in the legend of the Fig. 3.2.3. Note that the results [Fig. 3.2.3]
are in good agreement with the analytical ndings explained in the previous chapter
[Fig. 2.3.3].
3.3.2 Coupled identical nanopatches
In the previous subsection, we have shown that a single nanopatch possesses an
electric response. In order to have more control over the optical response of nanoan-
tennas, an additional magnetic response is essential. This is feasible by adding an
identical, closely spaced nanopatch on top of the rst one [Fig. 3.3.1 (a)]. As shown in
Fig.3.3.1 (b) and (c), in addition to the previous broad electric resonance a new mag-
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Figure 3.3.1: (a) Schematic of coupled nanopatches. (b) Current distribution at the
magnetic resonance frequency. (c) Extracted electric polarizability elec-
tric and magnetic polarizability components of the investigated nanoan-
tenna. (e) Analytical [using Eq. 2.3.36 and 2.3.37] and full wave simu-
lation results for reection and transmission spectra of the array shown
in (d). The period of the array is Λ = 400 nm, the dielectric spacer has
a refractive index of n = 1.46. Ambient material is air.
curs due to the hybridization of the modes, supported by the individual nanopatches,
to form an anti-symmetric (bonding, low energy) and a symmetric (anti-bonding, high
energy) mode [50]. The current distribution of the magnetic mode (anti-symmetric
mode) is shown in Fig. 3.3.1 (b). The magnetic response can be seen from the nanoan-
tenna polarizabilities shown in Fig. 3.3.1 (c). The electric and magnetic responses
(αeexx and α
mm
yy ) in the coupled nanopatches permit to control the radiation pattern of
the nanoantenna. The magneto-electric coupling, i.e. αemxy and α
me
xy , are still zero due
to the fact that the nanoantenna is symmetric will respect to the top and bottom
illumination directions.
Similar structures like the investigated coupled nanopatches, such as nanodiscs,
are widely used in the literature as one of the simplest building blocks in periodic
arrays to obtain a magnetic response [50,71,72,75,76]. In dipole approximation, both
strength and frequency of the magnetic resonance can be tuned by varying the dis-
tance between two nanopatches (dielectric spacer). However, the magnetic resonance






























W2 = 250 nm 
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Figure 3.3.2: (a) Schematic of coupled nonidentical nanopatches. (b) Current dis-
tributions at the magnetic resonance frequencies. (c) Extracted elec-
tric polarizability electric, magnetic and magneto-electric polarizability
components of the investigated nanoantenna. The dielectric spacer has
a refractive index of n = 1.46. Ambient material is air.
tude of the achievable electric polarization at the magnetic resonance is comparable
to the magnetic polarization, it is not possible to balance the scattering contribu-
tion from the dierent dipole polarizabilities. The analytical [using Eqs. 2.3.36, and
2.3.37] and full wave simulation results for reection and transmission are shown in
Fig. 3.3.1 (e). There is good agreement between the analytical and full wave simu-
lation results below 400THz. The grey shadow in Fig. 3.3.1 (e) represent spectral
domains where the individual nanoantenna is not optically small and contributions
of higher order modes are no longer negligible. Moreover, since the bianisotropy is
absent in the present nanoantenna, there is no control of the directional scattering
response; i.e. the array behaves identically for forward and backward illumination
directions. It might be possible to achieve total absorption if the nanoantenna is in




3.3.3 Coupled nonidentical nanopatches: Bianisotropic
nanoantennas
In this subsection we introduce an experimentally feasible bianisotropic nanoantenna
based on coupled nonidentical nanopatches. The geometry of the proposed bian-
isotropic nanoantenna is shown in Fig. 3.3.2 (a). In order to achieve a notable
bianisotropic response, the symmetry of the structure has to be broken. This allows
to obtain more control over the optical spectra as well as to achieve a directional
dependent response. To achieve such a notable bianisotropy, we consider is the same
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Figure 3.3.3: Extinction (a), scattering (a), and absorption, (b) and cross sections
for the nonidentical nanopatches for both illumination directions for
W1 = 100 nm. The absorption and scattering cross sections are dierent
at the magneto-electric resonance for opposite illumination directions
whereas the extinction cross section is identical.
double nanopatch topology as before but now with dierent lateral dimensions for
each nanopatch [Fig. 3.3.3 (a)]. Fig. 3.3.1 (c) shows the extracted electric polar-
izability electric, magnetic and magneto-electric polarizability components of the
investigated nanoantenna. Note that the magneto-electric response is dierent from
the magneto-electric response of a wire omega particle at microwave frequency [77].
There, the resonance frequencies in the dispersion of all polarizabilities, i.e. the elec-
tric, magnetic and magneto-electric polarizability, are identical since they are linked
to the same mode sustained by the wire omega particle [77]. In contrast, the mag-
netic and the magneto-electric resonance frequencies are identical in the considered
coupled nonidentical nanopatches, but the electric resonance frequency is dierent.
However, since the magnetic and electric dipole moments, which are created by the
electric and magnetic elds in the plane of the array, respectively, are perpendicular
to each other, the presented nanoantenna scheme can be generally considered as an
omega-type particle as well [60]. We note that most of the ndings of this section
have been previously published in Ref. [47].
It is clear from Fig. 3.3.2 (b) that the current distribution of the proposed nanoan-
tenna shown at the low frequency resonance produces a magnetic response, compara-
ble to the situation of identical nanopatches [Fig. 3.3.1 (a)]. However, for nonidentical
nanopatches the induced currents are no longer symmetric with respect to the geo-
metrical origin of these two nanopatches. This results in a magneto-electric/electro-
magnetic response.
To explain the scattering properties of the investigated bianisotropic nanoantenna,






αeexx ± αemxy ± αmeyx + αmmyy
)
. (3.3.1)
As already highlighted, the plus/minus (±) sign corresponds to the propagation
direction of the incident plane waves in forward/backward direction. For a reciprocal
nanoantenna [60], i.e. αemxy = −αmeyx , we can conclude that the extinction cross sections




ext, and read as







As a conrmation the extinction cross sections of the proposed nanoantenna for
both illumination directions are calculated and shown in Fig. 3.3.3 (a). However,
the scattering/absorption cross sections are not identical when the nanoantenna is
illuminated from opposite directions [Fig. 3.3.3 (b) and (c)]. This can be shown ana-
lytically by using the denition of the scattering cross sections for both illuminations,




(∣∣αeexx ± αemxy ∣∣2 + ∣∣αemxy ∓ αmmyy ∣∣2) . (3.3.3)
According to Eq. (3.3.3), the scattering cross sections are not the same for both
illumination directions, i.e. C−sca 6= C+sca due to the bianisotropic coupling (i.e. αme
and αem). Using the relation between absorption, scattering and extinction cross
sections, i.e. C±abs = Cext − C±sca, it can be concluded that the absorption cross
sections also depend on the illumination directions, i.e. C+abs 6= C
−
abs. Our numerical
results for scattering and absorption cross sections are also shown in Fig. 3.3.3 (b) and
(c). The dierence between forward and backward directions is obviously due to the
bianisotropy and this occurs around the magneto-electric (bianisotropic) coupling.
Note that at resonance frequency, for the backward direction the nanoantenna is at
critical coupling, i.e. C−abs|res = C−sca|res .
3.3.3.1 Directive nanoantennas: Multipolar interference
In this subsection, we investigate the radiation patterns of three dierent nanoanten-
nas, i.e. the single nanopatch, the coupled identical nanopatches, and the coupled
nonidentical nanopatches. We show that it is possible to design a nanoantenna with a
directive radiation pattern due to an interference between the radiated far-elds of the
induced electric and magnetic dipole moments. In general, in order to have a nanoan-
tenna with a directive pattern, a balanced contribution of both electric and magnetic
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polarizabilities is required; known as the rst Kerker condition [19, 20, 79, 80]. This
condition can be achieved for nanoantennas without bianisotropic response. How-
ever, having a nanoantenna with a bianisotropic response adds at least two degrees
of freedom. The rst degree of freedom provides the ability to design a nanoantenna
which possesses dierent far eld patterns when illuminated from opposite (forward
and backward) directions. This means that one can design a nanoantenna which ex-
hibits a directive pattern for one direction but a non-directive pattern for the opposite
direction [Fig. 3.3.5 (e,f)]. The second relates to the fact that for some nanoantennas
it is not possible to achieve the balanced condition between the electric and mag-
netic polarizabilities. Therefore, breaking the symmetries of the nanoantennas will
introduce an additional bianisotropic coupling which might be a proper solution to
eventually satisfy the Kerker condition. In the following, we try to address these
issues.
Let us consider a nanoantenna that possesses an induced electric px and magnetic



















cos θsinϕ ϕ̂− cosϕ θ̂
)
,
where, r is radial distance, φ is azimuthal angle and θ is polar angle in spherical
coordinate. k =
√
εrω/c is the wavenumber for an angular frequency ω in a homoge-
neous isotropic background material characterized by a relative permittivity εr, and
c is the speed of light. Using Eq. (3.3.4), the normalized backward radar scattering

















where |Einc| is the amplitude of the incident electric eld. A = W 2 is the geometrical










































Figure 3.3.4: Radiation pattern for dierent multipole moments in the xz-plane. (a)
Electric dipole moment (px), i.e. |Efar|2 ∝ |px|2 cos2 θ. The blue arrows
indicate the phase of the radiated eld. (b) Magnetic dipole moment
(my), i.e. |Efar|2 ∝ |myc |
2. (c) Superposition of electric and magnetic
dipole moments, i.e. |Efar|2 ∝ |px|2(1 + cos θ)2, when the Kerker condi-




is fullled. To illustrate the physical mechanism behind the Kerker condition, the
radiation pattern of an electric dipole moment px and a magnetic moment my in the
xz-plane (ϕ = 0) are shown in Fig. 3.3.4 (a) and (b). If Eq. (3.3.7) holds, the electric
eld radiated by an electric dipole and magnetic dipole interfere constructively at
θ = 0 [Fig. 3.3.4 (c)], i.e. the radiated elds are in phase in forward direction
[Fig. 3.3.4 (a) and (b)]. On the other hand, there is no scattering in backward
direction (θ = π) because of the destructive interference in this direction.
For a reciprocal bianisotropic nanoantenna, the normalized backward radar scat-
tering cross sections for both illumination directions [66, 79, 81, 82] Q±RBS can be cal-




∣∣αeexx ± αemxy ∓ αmeyx − αmmyy ∣∣2 . (3.3.8)
Equation 3.3.8 shows that only for one direction the nanoantenna can fulll the
Kerker condition. In other words, the Kerker condition can be satised for a backward
illumination, Q−RBS = 0, i.e. α
ee
xx − 2αemxy − αmmyy = 0. However, for the forward
illumination Q+RBS 6= 0, i.e. αeexx + 2αemxy − αmmyy 6= 0.
Notice, the normalized forward radar scattering cross sections for both illumination
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Figure 3.3.5: (a) and (b) Comparison between forward and backward normalized
radar scattering cross sections for a single nanopatch (shown only in red
since backward and forward normalized radar scatterings are identical),
two identical coupled nanopatches (a) and two nonidentical nanopatches
(b) (shown in green and blue) with W1/W2 = 0.4. Illumination occurs
as shown in the inset. Radiation patterns of (c) a single nanopatch and
(d) two identical coupled nanopatches at resonance. (e) Corresponding
radiation pattern of two nonidentical coupled nanopatches illuminated
from top at the frequency when Q−RBS ≈ 0. (e) Same as (f) but illumi-




















∣∣αeexx + αmmyy ∣∣2 . (3.3.9)
Equation 3.3.9 explicitly shows that the forward scattering is independent of the
illumination directions, i.e. Q−RFS = Q
+
RFS.
Figure 3.3.5 (a) and (b) show the normalized forward and backward scattering
cross sections for three dierent nanoantennas: a single nanopatch, two identical,
and nonidentical coupled nanopatches. It is obvious from Fig. 3.3.5 (a) and (b) that
the backscattered elds are canceled for the two nonidentical coupled nanopatches at
the design frequency (314 THz) while there is no cancellation for a single nanopatch
as well as two identical coupled nanopatches. This cancellation is obviously a conse-
quence of destructive interference between the electric and magnetic dipole moments
[Fig. 3.3.4 (c) and 3.3.5 (e)]. It is important to mention that for the identical coupled
nanopatches in the limit of dipole approximation [83] (small dielectric spacer, i.e.
g < 10 nm) zero backscattering regime is not achievable due to the fact that the
electric and magnetic dipole moments can not be in balance [Fig. 3.3.5 (a) and (d)].
However, with the help of an additional electric quadrupole moment (larger dielec-
tric spacer, e.g. g = 50 nm), it might be possible to realize a directive nanoantenna
with zero backscattering for the identical coupled nanopatches. Notice that the di-
rective pattern occurs due to the coherent interference of the electric and magnetic
dipoles as well as the electric quadrupole [19]. We will explain that in chapter 5 for
a nanoring antenna. Normalized polar eld patterns at resonance are also plotted
in Fig. 3.3.5 (c)-(f) to illustrate zero backscattering as well as the directivity of cor-
responding antennas. Notice that for the backscattering cancellation of elds, both
the strength and resonance frequency of the magneto-electric coupling have to be
tuned. The proposed design is a promising nominee for directive plasmonic antennas
coupled to quantum emitters [84].
3.3.3.2 Asymmetric reection
In the previous subsection, we introduced some of the interesting optical features
of an individual bianisotropic nanoantenna. Here, we will investigate the optical
response of an array of such nanoantennas and will show that it is possible to real-
ize the complete light absorption by proper tuning of all polarizability components.
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Moreover, we will show that due to the bianisotropic coupling it is possible to achieve
a strong asymmetric reection/absorption for opposite illumination directions. By
using Eq. 3.2.16, the reection for an array of reciprocal bianisotropic nanoantennas





αeexx ± 2αemxy − αmmyy
)
. (3.3.10)
The bianisotropic coupling provides more control over the transmission and reec-
tion coecients (r and t ) by using four complex polarizabilities components instead
of only the electric and magnetic polarizability component. Moreover, it is clear from
Eq. (3.3.10) that due to the dierent signs of αemxy and α
me
yx a dierent optical response
is obtained when illuminating the array from opposite directions, i.e. r+ 6= r−. An
important design criterion will be that the coecients αemxy and α
me
yx should exhibit
a comparable strength to the electric and magnetic polarizabilities at the same fre-
quencies rather than being only nonzero. The schematic view of the periodic array is
shown in Fig. 3.3.6 (a). Figure 3.3.6 shows the transmission and reection for both
numerical and analytical results [using Eqs. 3.2.15 and 3.2.16]. The dierence be-
tween forward and backward reection spectra can be calculated by using Eq. 3.3.10













where ∗ denotes the complex conjugate. Therefore, it is expected to achieve a







is maximum. However, it should
be noted that the presence of losses are essential to get asymmetric reection for the
investigated nanopatches. In the next section, we will show that for a high-index
dielectric bianisotropic nanoantenna, the reection amplitudes are identical for both
illumination direction (i.e. |r−| = |r+|) and only the phase is dierent, i.e. r+ 6= r−.
A parametric study illustrated in Fig. 3.3.7 (a) and (b) reveals that the maximum
dierence between the amplitude of reection coecients upon illumination from
opposite directions occurs at a ratio of W1
W2
≈ 0.4. Furthermore, the numerical and
analytical results are in good agreement at lower frequencies. It is important to state
that the analytical model presented here proves as a very reliable tool to correctly
explain the array behavior. Notice that the grey shadows in Fig. 3.3.7 (a) and (b)
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Figure 3.3.6: (a) Schematic view of the array of coupled nonidentical nanopatches.
(b) Analytical [using Eq. 3.2.15 and 3.2.16] and full wave simulation
results of reection and transmission spectra of the investigated array
for both illumination directions, where r− and r+ are reections for
the backward and forward illumination directions. The periodicity is
chosen to be Λ = 400 nm, the dielectric spacer has a refractive index of
n = 1.46.
represent spectral domains where contributions of higher order modes are no longer
negligible. Consequently, the analytical model is less predictive there. However, the
model presented here is fully sucient to explain the reection and transmission
coecients at the desired frequency band qualitatively, but full wave simulations are
necessary to quantitatively predict the optical response from the array. In the next
subsection, we show that the magneto-electric response can be modied by changing
the lateral dimension of the upper nanopatch. With that, we can obtain a perfect
absorber for the array.
3.3.3.3 Complete light absorption
In this subsection, we present an interesting example for an application where light
is nearly complete absorbed in an array with a subwavelength thickness (≈ λ/10) at
a specic resonance band for a specic illumination direction. The proposed array is
not anymore a total reector from the other direction far from the resonance band,
because it consists of an array of isolated particles rather than, as usually considered,
of an array of particles on top of a metallic ground plate. In general, complete light
absorption can be achieved by suppressing transmission and reection (i.e. R = 0
and T = 0) from one direction only. According to Eqs. 3.3.10, conditions for total
absorption in terms of individual polarizability components for backward illumination
can be expressed as:
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Figure 3.3.7: (a) and (b) Full wave simulations and analytical predictions for the re-
ection spectra (black lines) when illuminating the array with a forward
(a) or a backward (b) propagating plane wave. The ratio of W1/W2 is
chosen to be 0.4 and the absolute size of W2 is kept xed at 250 nm.
We see a dramatically dierent response if the array is illuminated from
dierent directions. In forward direction (a) the reection is nearly con-
stant in the entire spectrum. In backward direction (b) a pronounced
resonance occurs with a well developed dip. By changing the ratio of
W1/W2 the resonance frequency changes but the optical response is ro-
bust. This can be seen in the plot of the reection at the resonance
wavelength as function of this ratio (blue curves in both gures). The














yy − αemxy αmeyx
)
(βee + βmm) . (3.3.11)
Figures 3.3.8 (a) and (b) show the real and imaginary parts of the left and right
sides of Eq. 3.3.11 at resonance as a function of W1/W2 for backward illumination.
It shows that the nearly complete absorption can be achieved when both conditions
are satised and this is indicated by the red shaded areas in Figs. 3.3.8 (a) and (b).
Figure 3.3.8 (c) shows a parametric study of the maximum absorbed power (that is
maximum at resonance frequency) for dierent ratios of W1
W2
with illumination from
the backward direction. Note that the maximum absorption for a varying ratio of
W1
W2
takes place at dierent wavelengths (λmax). The wavelength dependent response
for the situation where the maximum share of light is absorbed is also illustrated in
Fig. 3.3.8 (c). The nearly total absorption occurs for a ratio of W1
W2
≈ 0.4 for an array
period of Λ = 275 nm (g and t are xed to be 8 nm and 50 nm).






































































































Figure 3.3.8: (a) and (b) The real (blue lines) and imaginary (black lines) parts of the
left and right sides of Eq. 3.3.11 at resonance frequency as a function of
W1/W2 for a backward illumination. The red sections represent spectral
domains where nearly total absorption can be achieved. (c) Full wave
simulations and analytical predictions for the absorption spectra (black
lines) when backward illumination is applied to the array. We see that
we have nearly perfect absorption at resonance. The period of the array
is xed to Λ = 275 nm.
bianisotropic nanoantenna. It provides a control over the electric, magnetic, and
magneto-electric responses. The magneto-electric coupling is achieved by a pair of
separated nanopatches which allows to obtain balanced condition, i.e. the equiva-
lence of the electric and magnetic polarizations. At visible frequencies, this balanced
condition has been earlier achieved only for non-bianisotropic nanoantennas (between
the electric and magnetic Mie resonances of silicon spheres or spheroids) [26, 61, 82].
In the present case the amplitudes of three eective polarizabilities, i.e. electric,
magnetic and magneto-electric, can be engineered with same strength. The presence
of the bianisotropic response provides the asymmetry of reectance for opposite illu-
mination directions. A very strong asymmetry of reection as well as nearly perfect
absorption for the suggested nanoantennas have been shown. Moreover, an individual
nanoantenna can operate as a very directive nanoantenna with zero backscattered
elds known as Huygens' scatterer.
3.3.4 Tunable bianisotropic nanoantennas
The optical response of plasmonic devices mainly depends on their geometries and
materials. The operational frequencies of these devices are mostly xed. In order to
achieve tunable devices, tunable materials are required. Recently, tunable plasmonic
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Figure 3.3.9: (a) Geometry of the tunable nanoantenna. The spacer is made of ger-
manium antimony telluride (GeSbTe or GST). The thickness of the
aluminum patch is tAL = 50 nm, the width of the upper and the lower
patch are W 1 = 350 nm, and W2 = 800 nm, respectively. The thick-
ness of the GST spacer is tGST = 70 nm. The refractive index of an







2) parts of the relative permittivity of the GST as a function of fre-
quency for crystalline εc = εc1 + iε
c
2 and amorphous ε
a = εa1 + iε
a
2 phases,
respectively [8688]. Notice that the grey shadow represents a spectral
domains for which the absorption is considerably small for both phases.
c) Crystalline (red box) and amorphous (black box) phases [87].
devices have been demonstrated by employing dierent materials such as graphene
and liquid crystals [74, 85]. Moreover, phase change materials (PCMs) are viable
candidates to design tunable plasmonic devices. There are many PCMs that can
be used to obtain a tunable optical response. However, very few materials have a
pronounced dierence in their optical properties when switched between dierent
phases. The germanium antimony telluride (Ge3Sb2Te6 or short GST) is a phase
change material that is mainly used in rewritable optical discs and phase-change
memory applications [86, 87]. Its optical properties change signicantly between
amorphous and crystalline phases [Fig. 3.3.9 (c)]. The pronounced optical contrast
might be due to the strong change in the atomic arrangement of two phases (i.e.
amorphous and crystalline) [86]. The main characteristics that make GST useful for
plasmonic applications are related to its fast switching speed with laser pulses and
drastic changes of optical properties [88]. The switching between stable amorphous
and crystalline phases is in the order of nanoseconds.
In the following, we suggest a tunable plasmonic antenna that possesses fascinating
optical properties, i.e. fast switching between its far-eld patterns. The proposed
tunable antenna is similar to the previous section. However, in order to have a tunable
optical response, we utilize GST as the dielectric spacer material [Fig. 3.3.9 (a)].
The antenna is made of aluminum instead of gold. This reects the fact that gold
is an impractical material to be combined with GST since it strongly diuses into
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Figure 3.3.10: (a) and (d) Polarizability components of the nanoantenna in amor-
phous and crystalline phases, respectively. (b) and (e) Normalized
forward and backward radar cross section in both phases, respectively.
(c) and (f) The pattern of a tunable antenna at 86THz for both phases.
the GST layer during thermal crystallization [87]. The dispersive real (solid lines)
and imaginary (dashed lines) permittivity of GST for both amorphous a (red) and
crystalline c (black) phases are depicted in Fig. 3.3.9 (b). It can be seen that the
real part of the permittivity is considerably large in the mid infrared. For example, at
90THz, the permittivity for the crystalline phase is εc = 40+0.8i and the permittivity
for the amorphous phase is εc = 12.8+0.01i [8688]. Moreover, the imaginary part
is considerably small in the mid infrared due to the fact that it is below the optical
band gap. In the following, we will show that this huge tunability of the permittivity
(between the amorphous and crystalline phases) can be extremely useful to design
antennas with tunable patterns.
We demonstrated, already in previous sections, that the asymmetric antenna can
support two distinct modes, i.e. electric and magnetic modes. Therefore, it is pos-
sible to achieve two dierent radiation patterns by a proper design; a) a purely
electric dipole resonance which leads to a dipole-like pattern [Fig. 3.3.10 (c)] b) when
the electric and magnetic response are in balance which provides a directive pat-
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Figure 3.3.11: (a)-(c) Transmission, reection and absorption of the array of investi-
gated structure for both phases. The response of device changes from
a reector to a perfect absorber at resonance frequency 86 THz.
tern [Fig. 3.3.10 (a)]. The polarizability components of the tunable antenna in the
amorphous phase is depicted in Fig. 3.3.10 (a). At resonance (red dashed line) i.e.
86THz the antenna shows strong electric, magnetic and magneto-electric responses.
The normalized forward (Q−RFS) and backward (Q
−
RBS) radar cross sections are shown
in Fig. 3.3.10 (b) for the amorphous phase. It can be seen that the antenna pos-
sesses zero backscattering at 86THz. Therefore, the corresponding far-eld pattern
of the antenna should be directive as shown in Fig. 3.3.10 (c). The directive pat-
tern as well as zero backscattering are due to a destructive interference between the
radiated elds of the electric and magnetic dipole moments at backward direction.
However, at crystalline phase (at 86THz), the antenna supports only an electric re-
sponse [Fig. 3.3.10 (d)]. As a result, the forward and backward scattering response
is identical [red dashed line in Fig. 3.3.10 (e)]. This implies that the pattern of the
antenna should be entirely dierent compared to the amorphous phase [3.3.10 (f)].
The optical response of a periodic array of these tunable nanoantennas can lead
to interesting and practical devices. Figure 3.3.11 (a)-(c) represents the transmis-
sion, reection, and absorption of the proposed tunable device for both amorphous
(black lines) and crystalline (blue lines) phases. At 86THz, the device shows sig-
nicantly dierent optical responses for two phases due to signicant change of the
individual polarizabilities [Fig. 3.3.10 (a) and (c)]. It behaves as a good reector in
the crystalline phase whereas in the amorphous phase it operates as a nearly perfect
absorber [Fig. 3.3.11 (c)]. It is important to note that switching between perfect
absorber and reector can be achieved in the order of nanoseconds with an external
laser pulse.
All the investigated nanoantennas in the previous sections were made of plasmonic
materials (metals). We used their intrinsic losses to design interesting devices such
as perfect absorbers. It would be interesting to investigate the optical properties of
lossless nanoantennas. Therefore, in the next section, we try to focus on the lossless
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cases and propose a bianisotropic nanoantenna made out of a high-index dielectric
(e.g. silicon).
3.4 High-index dielectric nanoantennas
Plasmonic nanoantennas have attracted enormous research interests due to its po-
tential applications [25, 78, 8992]. However, its applications are notably limited by
Ohmic losses at optical frequencies [30, 9395]. Recently, an alternative strategy
has been introduced to overcome this problem. Basically, the suggestion is to use
high-index dielectric materials as building blocks of devices that control light-matter
interaction [39,55,61,96102]. A high-index dielectric nanoantenna can support both
electric and magnetic resonant responses [26,61,103]. Interesting optical features such
as directional scattering pattern with zero backscattering can be achieved by proper
tuning of these responses [20,26,61,82,103,104]. Nanoantennas with higher multipolar
responses, e.g. electric and magnetic quadrupoles may provide even higher control on
the intriguing scattering features, e.g. super-scattering, and super-directivity [28,38]
compared to nanoantennas with only dipolar responses. However, they require more
complicated theoretical considerations. Therefore, it is very demanding to achieve
more control over the scattering features of nanoantennas without adding such theo-
retical complexities. The bianisotropy might be the only suitable solution to control
the scattering properties of nanoantennas in the context of dipolar responses [47,60].
In this section we introduce a novel high-index dielectric nanoantenna with bian-
isotropic coupling. We start by considering a cylindrical dielectric nanoantenna. We
show that it can support both electric and magnetic responses which leads to in-
teresting optical features, e.g. zero backscattering. It fullls the Sipe−Kranendonk
condition (i.e. Eq. 3.2.14) due to the fact that the antenna is lossless. Finally, we
show that breaking the symmetry (with respect to the illumination directions) of the
cylindrical dielectric nanoantenna leads to an additional magneto-electric coupling
which oers interesting optical features. We note that most of the ndings of this
section have been previously published in Ref. [63].
3.4.1 Cylindrical nanoantennas
Let us start with a cylindrical high-index dielectric nanoantenna as shown in Fig. 3.4.1
(a). The antenna is illuminated by a plane wave with an electric eld polarized
along the x-axis that propagates in the positive z-direction. The total scattering
cross section and contributions of the dierent Cartesian multipoles are depicted in
Fig. 3.4.1 (b). It shows that the higher order multipoles are negligible below 450 THz
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Figure 3.4.1: (a) Schematic view of a high-index dielectric nanoantenna with a height
of H = 150 nm and diameter of D = 300 nm. The dielectric cylin-
der has a refractive index of n =
√
εr = 3.5. (b) The corresponding
total scattering cross sections and contributions from dierent Carte-
sian multipole moments as a function of frequency. (c) Calculated
electric (red lines) and magnetic (blue lines) polarizabilities as a func-
tion of frequency. The grey dashed line shows the balanced condition,
i.e. αeexx = α
mm
yy . (d) Normalized magnetic eld distributions at the
balanced condition. (e) Normalized forward and backward radar cross
sections. (f) Far-eld radiation pattern at the balanced condition.










































Figure 3.4.2: The Sipe−Kranendonk condition for the lossless high-index dielectric
nanoantenna. There is a great agreement for electric and magnetic










n = 1n = 3.5x
z
y
Figure 3.4.3: Schematic of the proposed bianisotropic high-index dielectric meta-
atom. The dielectric cylinder has a diameter D = 300 nm and height
H = 150 nm with a cylindrical hole inside it which has the diameter
D0 = 150 nm and height H0 = 10 − 140 nm with a refractive index 1
(air). The dielectric cylinder has a refractive index of n =
√
εr = 3.5.
and the antenna can be fully described by electric and magnetic dipole moments.
Interestingly, at 334THz, the contribution of electric and magnetic dipole moments
to the total scattering cross section is identical, i.e. Cmsca = C
p
sca [Fig. 3.4.1 (b)]. It can




). To conrm that, we calculated the electric and magnetic polarizability
components of the nanoantenna as shown in Fig. 3.4.1 (c). The interesting point is
that the amplitude of the magnetic resonance of the nanoantenna is comparable to
the electric one. The balanced condition i.e. αeexx = α
mm
yy is fullled and it can be seen
in Fig. 3.4.1 (c) at 334 THz. It is important to mention that the geometry of the
nanoantenna was properly tuned such that it satises the balanced condition. Its a
selected geometry and meeting the balanced condition cannot be satised by every
possible geometry.
As already highlighted and shown, the nanoantenna supports both an electric and
a magnetic response. The latter is due to a strong displacement current, which
circulating in the nanoantenna. The strong magnetic eld enhancement can be seen
in Fig. 3.4.1 (d). Since the nanoantenna is lossless (no Ohmic losses), it should also








∣∣αmmyy ∣∣2 k36π . (3.4.2)
Figure 3.4.2 (a) and (b) present the Sipe−Kranendonk conditions for both the




The normalized forward and backward radar cross sections of a nanoantenna are
shown in Fig. 3.4.1 (e). As highlighted already, the antenna shows zero backscattering
elds at 334THz, i.e. QRBS =
k4
4πA
∣∣αeexx − αmmyy ∣∣2 = 0 due to the fact that it satises the
balanced condition, i.e. αeexx = α
mm
yy . The physical mechanism to achieve an antenna
with zero backscattering is a destructive interference between the radiated elds of the
electric and magnetic dipole moments in backward direction. Whereas, the forward
scattering will be enhanced due to constructive interference between the radiated
elds of the induced moments [Fig. 3.3.4]. At lower frequencies (below 450 THz), the
forward scattering can be calculated by using QFBS =
k4
4πA
∣∣αeexx + αmmyy ∣∣2.
3.4.2 Bianisotropic nanoantennas
In this subsection, we suggest a feasible approach to realize a magneto-electric (bian-
isotropic) coupling in a high-index dielectric nanoantenna. We show that this prop-
erty can be achieved by breaking the symmetry of a cylindrical nanoantenna, i.e. a
high-index dielectric cylinder into which partially a cylindrical hole is drilled [Figs. 3.4.3 (a)
and (b)]. Such a nanoantenna supports electric and magnetic dipole moments with
dierent strength when illuminated by a plane wave in forward or backward direc-
tions [Fig. 3.4.4 (a) and (b)]. In particular, we show that the bianisotropic coupling
in the proposed nanoantenna causes dierent backscattering responses as well as ra-
diation patterns for the opposite illumination directions. This coupling can be tuned
by controlling geometrical parameters of the nanoantenna. We also demonstrate that
an innite periodic planar array of such lossless nanoantennas provides dierent res-
onant reection phases for dierent illumination directions. This is certainly due to
the proposed magneto-electric coupling and it is not possible with only an electric
and/or magnetic response. We also demonstrate that the investigated nanoantenna
is an excellent candidate for unit-cells of reectarrays [106]. Indeed, this nanoantenna
in its reection resonance band provides a 2π phase change while it maintains a con-
siderable amplitude. Moreover, since there is no metallic ground plate contained in
the proposed reectarray, it will be transparent out of its resonance band.
The geometry of the proposed bianisotropic high-index dielectric nanoantenna is
shown in Figs. 3.4.3 (a) and (b). The suggested nanoantenna is not symmetric with
respect to the forward and backward illumination directions [Fig. 3.4.3 (a)]. Material
and geometrical parameters of the nanoantenna are given in Fig. 3.4.3. Using the
multipole expansion of the scattered eld, we have computed the total scattering
cross section and the contribution of each multipole moment when the nanoantenna
is illuminated by a plane wave in forward and backward directions [Figs. 3.4.5 (a)
and (c)]. The higher order multipole moments, i.e. the electric quadrupole Q and
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r+ ≠  r-


















Figure 3.4.4: Sketch of forward and backward illuminations. The array supports
dierent reections coecients due to bianisotropic coupling, i.e. r+ 6=
r−.
magnetic quadrupole QM moemnts are not negligible above 450 THz [grey shadows
in Figs. 3.4.5 (a) and (c)]. As mentioned earlier, we are interested in a spectral
domain where the optical response of the nanoantenna can be only described by its
electric and magnetic dipole contributions. This corresponds to frequencies below
450 THz. Therefore, we concentrate in the following on this frequency range.
As already highlighted, for a reciprocal nanoantenna (i.e. αemxy = −αmeyx ), the ex-





Moreover, the extinction cross section Cext for a lossless reciprocal nanoantenna is
identical to the scattering cross section Csca, i.e. Cext = Csca due to the fact that
the absorption cross section is zero, i.e. Cabs = Cext − Csca = 0. This explains
why the scattering cross sections are identical for the proposed nanoantenna when




sca [see black solid lines in
Figs. 3.4.5 (a) and (c)]. Note that the equality between extinction and scattering cross
sections for the lossless bianisotropic nanoantenna leads to the Sipe−Kranendonk
condition [27,33,64,105], i.e. Eq. 3.2.14.
It is important to note that for a plasmonic bianisotropic nanoantenna, due to the
intrinsic Ohmic losses of metals, the scattering and absorption cross sections will be
dierent for forward and backward illuminations [47, 107]. Furthermore, a planar
periodic array of lossy bianisotropic nanoantennas possesses a strong asymmetric
reectance and perfect absorption. These eects have been studied in the previous
sections [47, 72].
Although the scattering/extinction cross sections are similar for dierent illumi-
nation directions in the proposed nanoantenna, the contributions of the electric and
magnetic dipole moments to the total scattering cross sections are not, i.e. p+ 6= p−
and m+ 6= m− [see red and blue dashed lines in Figs. 3.4.5 (a) and (c)]. It can also
be seen from Figs. 3.4.5 (b) and (d) that the magnetic eld distributions are signif-
icantly dierent when the nanoantenna is illuminated from froward and backward
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directions. This is obviously due to the presence of magneto-electric coupling, which
is provided by the asymmetry in the nanoantenna.
In order to prove this, we have also calculated the individual polarizability compo-
nents of the nanoantenna [Figs. 3.4.6 (a)-(c)] [16,47,65,68,108]. The magneto-electric
coupling αemxy is comparable with the electric α
ee
xx and magnetic αmm couplings for the
proposed nanoantenna [Figs. 3.4.6 (a)-(c)]. The level of this coupling can be tuned
by changing the geometrical parameters of the nanoantenna, i.e. the height H0 and
diameter D0 of the partially drilled cylindrical air hole inside the high-index di-
electric cylinder. Figure 3.4.6(d) presents the magnitude of electric, magnetic, and
magneto-electric polarizabilities of the nanoantenna at the maximum of magneto-
electric coupling (|αemxy |max) as a function of the height of cylindrical air hole H0. It
conrms that the amplitude of the magneto-electric coupling can be tuned and its
maximum occurs when the height of hole H0 is appropriately half of the dielectric
cylinder H, i.e. H0 ≈ H2 =75 nm. Notice that the magneto-electric coupling can also
be tuned by changing the diameter of the cylindrical air hole D0.
As highlighted before, a lossless bianisotropic nanoantenna possesses identical scat-
tering cross sections for both forward and backward illumination directions. However,
the backward radar cross section depends on the illumination directions [Fig. 3.4.7




∣∣αeexx ± 2αemxy − αmmyy ∣∣2 , (3.4.3)





is the geometrical cross section and D is the diameter of the
nanoantenna [Fig. 3.4.3]. Consequently, due to bianisotropy, the backscattering re-
sponses Q±RBS are dierent when the nanoantenna is illuminated from opposite di-
rections, i.e. Q+RBS 6= Q
−
RBS. Note that the forward radar cross section as shown in
Fig. 3.4.7 (a) is identical for both illumination directions according to the denition
of normalized forward radar cross section Eq. 3.3.9 [47]. Hence, we expect that the
nanoantenna should support dierent radiation patterns for opposite illumination
directions as depicted in Fig. 3.4.7 (b). In summary, the following relations hold for
the proposed lossless bianisotropic nanoantenna:









p+ 6= p−, m+ 6= m−, Q+RBS 6= Q
−
RBS. (3.4.5)
In the next subsection, we start to demonstrate its interesting characteristics when
used in a planar periodic array.
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Figure 3.4.5: (a) and (c) Total scattering cross sections C±sca and contributions from
dierent Cartesian multipole moments as a function of frequency for
forward (+) and backward (−) illumination directions; electric dipole
moment p± (red dashed line), magnetic dipole moment m± (blue dashed
line), electric quadrupole moment Q± (green dashed line) and magnetic
quadrupole moment QM± (purple dashed line). The height of the air
hole is H0 = 100 nm. (b) and (d) Normalized magnetic eld distribu-






































































































Figure 3.4.6: (a)-(c) Individual polarizability components of the proposed nanoan-
tenna. The geometrical parameters are: the height of the cylinder
H = 150 nm, the height of cylindrical air hole H0 = 100 nm, and
its diameter D0 = 150 nm. (d) Comparison between the amplitude of
the individual polarizability components at maximum of the magneto-
electric coupling. The maximum bianisotropy happens when the height
of the air hole is approximately half of the dielectric cylinder, i.e.






































445 THz 445 THz
Figure 3.4.7: (a) Normalized backward (blue lines) and forward (red lines) radar cross
sections when the nanoantenna is illuminated from backward (dashed
lines) and forward (solid lines) directions for H0 = 75 nm. (b) and
(c) Radiation patterns for backward (b) and forward (c) illumination

































































Figure 3.4.8: (a) A periodic planar array composed of the proposed bianisotropic
nanoantennas with H0 = 75 nm. (b) Reection and transmission am-
plitude for two illumination directions shown in (a). (c) The same plots
as in (b) for phases. The reference plane for phase is considered at z = 0
plane.
3.4.3 Bianisotropic nanoantenna in planar arrays
In this subsection, we consider a periodic array composed of the proposed bian-
isotropic nanoantenna that is arranged along a planar surface, here the xy−plane
[Fig. 3.4.8 (a)]. Since the nanoantennas are assumed to be lossless, the Ohmic losses
of the proposed array are also zero. The array is illuminated at normal incidence
from two directions, i.e. forward and backward directions [Figs. 3.4.4(a) and (b) for
the denition of forward and backward illumination]. The reection and transmission
amplitudes and phases for these two illumination cases are depicted in Figs. 3.4.8(b)
and (c). It is obvious that the amplitudes for the reection and transmission for the
dierent illumination directions are identical since there are no losses. The phase in
transmission is equally identical due to reciprocity. On the contrary, the phase in
reection is not identical. This is due to the presence of bianisotropy in the proposed
array [Figs. 3.4.4(a) and (b)].
Now, we claim that the proposed nanoantenna is a proper candidate as a unit
cell in reectarrays. Indeed, a unit cell must provide a 2π phase change prior being
applicable in reectarrays [106,109112]. This 2π phase change can be obtained by a
suitable geometrical tuning. Moreover, it has to maintain a high reection amplitude
across the considered geometrical conguration. Figure 3.4.8 shows the amplitude
and phase variations versus dierent height and diameter of the air hole inside the
dielectric cylinder when the proposed nanoantenna is used in a square array with
period Λ = 400 nm.
As can be seen from Fig. 3.4.9(a), the proposed nanoantenna satises the required
condition for the phase variation of the reection coecient for both illumination
directions when we x the height H0 = 75 nm and change the diameter D0 =
20 − 280 nm. The amplitude of the reection coecient is close to unity within
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an acceptable range while it drops down to one half at both ends of the diameter
variations. The situation is a bit worse for the case when we x the diameter D0 =
150 nm and vary the height H0 = 10 − 140 nm. In this case, we obtain a phase
variation of 2π only for the forward illumination direction while the amplitude of
the reection coecient, in some region, drops down to 20 percent [Fig. 3.4.9(b)].
We should mention that better results might be obtained if the geometry is carefully
optimized. The presented example only serves the purpose to demonstrate the idea.
Another important point is that the proposed nanoantenna in the array provides
asymmetric phase variations. That is, the variation of reection phases are dier-
ent for dierent illumination directions. It means that we may properly design a
reectarray with two dierent properties when looking from dierent directions onto
the plane. This is impossible using symmetrical structures which do not provide
bianisotropic properties.
The most important point about the proposed reectarray is its transparency out
of the resonance band. Indeed, in the investigated reectarray, we do not rely on a
metallic back reector [110,113,114]. Instead, we have oered resonant nanoantennas
with bianisotropic properties to obtain a full reection. This gives us the possibility
to preserve transparency outside the resonance band in the reectarray. This trans-
parency is very important when combining multiple receiving/transmitting systems.
Then, we need a reectarray at a frequency band while we do not want to prevent
signals to get transmitted out of that frequency band.
In a short summary of this section, we proposed a high-index dielectric nanoan-
tenna which supports a bianisotropic (magneto-electric) coupling in addition to its
electric and magnetic couplings. We demonstrated that the magneto-electric cou-
pling can be tuned by geometrical parameters of the proposed nanoantenna. The
nanoantenna possesses dierent backward radar cross sections when illuminated by
a plane wave from opposite directions while it exhibits an identical forward radar
cross sections. Moreover, the extinction and scattering cross sections are identical
for both illumination direction. For a periodic planar array of such a bianisotropic
nanoantenna, we observed interesting optical features, e.g. asymmetric reection
phases for opposite illumination directions. We illustrated that the array provides a
2π phase variation together with an acceptable reection amplitude over the whole
phase spectrum by tuning the geometrical parameters of the nanoantenna. Finally,
we demonstrated that the employment of the proposed resonant nanoantenna to-
gether with the absence of a fully reective metallic screen gives the opportunity of
out-of-band transparency in reectarrays. All the mentioned eects are the direct out-
comes of the suggested bianisotropy. The observed lossless bianisotropic eect might























































Figure 3.4.9: (a) The phase of the reection coecient of an array of nanoantennas
versus the diameter of the air hole at resonance frequency f = 405 THz
for two dierent illumination directions denoted by r+ and r−. H0 is
xed to 75 nm. (b) The same plot as in (a) for variation of air hole
height. D0 is xed to 150 nm.
e.g, reectarrays, transmitarrays, and Huygens sources.
3.5 Concluding remarks
In this chapter, we introduced two bianisotropic nanoantennas made of dierent
materials, namely, plasmonic nanoantennas (made of gold) and high-index dielectric
nanoantenna (e.g. silicon). Our ndings can be summarized as following :
Plasmonic bianisotropic nanoantennas- we introduced nonidentical coupled nano-
patches separated by a dielectric spacer, which exhibit a strong magneto-electric
(bianisotropic) coupling. This coupling is achieved by breaking the symmetry of a
nanoantenna, i.e. using two coupled nanopatches with dierent lateral dimensions.
The magneto-electric coupling can be tuned by changing the geometrical dimensions.
We have shown that this strong magneto-electric coupling can oer interesting optical
features such as directional radiation pattern, complete light absorption, and strong
asymmetric reections when illuminated from opposite directions. Finally, it would
be interesting to summarize all the scattering properties of such nanoantennas as
following [Table. 3.1]:
• Scattering, absorption and extinction cross sections : Scattering/absorption cross





sca 6= C−sca. However, according to the optical theorem, the ex-
tinction cross section for both (any) illumination directions should be identical,
i.e. C+ext = C
−
ext.
• Forward and backward radar scattering cross sections : The backward scattering
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cross section depends on the illumination directions, i.e. Q+RBS 6= Q
−
RBS. How-
ever, the forward cross section is independent of the illumination directions, i.e.
Q+RFS = Q
−
RFS. This is a direct consequence of the optical theorem.
• Transmission, reection, and absorption: Reection/absorption depends on
illumination directions, i.e. R+ 6= R−, A+ 6= A−. However, the transmission is
independent of the illumination directions, i.e. T+ = T−.
High-index dielectric bianisotropic nanoantennas- we introduced an all dielectric
nanoantenna with a strong magneto-electric coupling. The key to obtain this magneto-
electric coupling is breaking the symmetry of a high-index dielectric cylinder by
drilling an air hole inside. We showed that the magneto-electric coupling will lead to
interesting features for both individual nanoantennas as well as for an array of such
nanoantennas. For instance, the individual nanoantenna shows dierent radiation
patterns when illuminated from opposite directions. It also provide dierent phases
in the reected amplitude for an array made of such nanoantennas. Finally, it would
be interesting to summarize all the scattering properties of a high-index (lossless)
bianisotropic nanoantenna as following [Table. 3.1]:
• Scattering, absorption and extinction cross sections : All of them are indepen-





• Forward and backward scattering cross sections : The backward scattering cross
section depends on the illumination directions, i.e. Q+RBS 6= Q
−
RBS. However,




• Transmission, reection, and absorption: Reection and transmission are inde-
pendent of the illumination directions. R+ = R−, T+ = T− and the absorption
is zero, i.e. A± = 0. However, the reection coecients show dierent phases
for opposite illumination directions, i.e. r+ 6= r−.
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Table 3.1: Comparison between optical properties of plasmonic and dielectric nanoan-
tennas for forward (+) and backward (−) illumination directions.
Optical response
Individual nanoantenna Array of nanoantennas
Dielectric Plasmonic Dielectric Plasmonic




sca 6= C−sca - -




























Transmission - - T+ = T− T+ = T−
Reection - - R+ = R−(r+ 6= r−) R+ 6= R−
Absorption - - A+ = A− A+ 6= A−
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In the previous chapters, it is shown that an array of electric dipole moments can
absorb at most 50 percent of impinging light. The important question is: How
to increase the absorption of an array of nanoantennas, which support electric or
magnetic moments? In chapter 3, we suggested an array of nonidentical coupled
nanopatches, which exhibit both electric and magnetic dipole moments. The total
absorption is explained by a balanced condition between the induced electric and
magnetic dipole moments. In this chapter, we will focus on the optical properties of
an array of gold nanoantennas on top of a gold ground plate in two dierent regimes,
i.e.a near-eld and a far-eld scheme. We will show that it is possible to achieve
complete light absorption for both regimes.
In the rst scheme, we will explore the strong near-eld coupling between the
nanoantennas and the metallic ground plate. We will introduce concept of the ex-
treme coupling in order to obtain deep subwavelength nanoantennas or nanocavitites
that can fully absorb the incident light at a set of discrete frequencies [Fig. 4.1.1 (a)].
The extreme coupling occurs when the dielectric spacer is only a few nanometers.
We will explain it in details later. The perfect absorber in the extreme coupling
regime possesses a robust response over a large angle incident. We will use a simple
analytical model to predict the resonance frequency of the coupled system consisting
of the nanoantenna coupled to the ground plate. The system is studied analytically
and numerically, but also experimental results are presented here for completeness.
These results come from a collaboration with various groups at the Friedrich-Schiller
Universität Jena and were provided by co-workers. All the results are self-consistent
and in good agreement.
In the far-eld scheme, the dielectric spacer between the nanoantennas and the
79
4 Nanoantennas as perfect absorbers: Near-eld and far-eld schemes
gold Dielectric spacer
d << l
(a) Near-field coupling scheme:
Extreme/strong coupling
d ≈ l/4n
(b) Far-field scheme (Salisbury screen):
Constructive/destructive Interference
Figure 4.1.1: Schematic view of a perfect absorber made of gold nanopatches and gold
ground plate separated by a dielectric spacer. (a) Near-eld scheme. (b)
Far-eld scheme
metallic ground plate is considerably large such that near-eld coupling can be ne-
glected [Fig. 4.1.1 (b)]. In this case, the underlying physical mechanism of the perfect
absorber can be understood by a simple asymmetric Fabry-Perot model with two
mirrors, the upper one is the array of gold nanoantennas and the lower one is the
metallic ground plate. The total absorption occurs when the reection coecient is
fully suppressed due to the destructive interference.
We note that most of the ndings of this chapter have been previously published
in Ref. [51,74,83,91].
4.2 Near-eld scheme: Extreme Coupling
Plasmonic perfect absorbers have tremendous applications in, e.g. thermal emit-
ters [9, 115117], plasmonic sensors [9, 118] and solar cells [89, 119]. The canonical
structure that is usually used to achieve total absorption is shown in Fig. 4.1.1 (a). It
consists of an array of nanoantennas with arbitrary shapes on top of a metallic ground
plate. Both constituents are separated by a dielectric spacer. The metallic ground
plate can suppress the transmission T = 0. Perfect absorption can be achieved when
the structure is at critical coupling, which causes also a vanishing reection [31, 49].
Therefore, the entire energy of the incoming wave can be absorbed by the structure.
The majority of the suggested perfect absorbers in the literature does not operate in
a deep-subwavelength regime [5]. This is due to the fact that these perfect absorbers
possess thick dielectric spacers, i.e. in the order of tens of nanometers. Therefore,
the absorption changes strongly when illuminated at oblique incidence. We note that
most of the ndings of this section have been previously published in Ref. [91].
In this section, we will introduce the concept of extreme coupling, which allows
to achieve a deep-subwavelength perfect absorber. Afterwards, we propose a semi-
analytical model to predict the resonance frequencies of the proposed perfect ab-
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Figure 4.2.1: The resonance position for both symmetric and antisymmetric modes
of coupled nanopatches as a function of the thickness of the dielectric
spacer (gap). The length of the nanopatches is L = 250 nm and the
thickness of the gold nanopatches is t = 50 nm. The extreme coupling
occurs when the spacer is ultra-thin, i.e. in the order of few nanometers.
Note that the dielectric spacer smaller than 1 nm leads to quantum
eects, which is beyond the scope of this thesis.
sorber [Fig. 4.1.1 (a)]. The semi-analytical model can predict all the supported
modes of the structure. The predicted resonance frequencies of the model are in
good agreement with the numerical one. Finally, we will compare the theoretical and
experimental results of the proposed absorber. The small deviation will be explained
by surface roughness of the thick metallic ground plate.
4.2.1 Extreme Coupling
To understand the concept of extreme coupling, we rst will focus on the resonance
frequency of a simple structure made of two coupled nanopatches. This structure
is similar to the perfect absorber shown in the inset of Fig. 4.2.1. As already men-
tioned in the previous chapter, it supports localized modes, namely, symmetric and
antisymmetric modes [see inset of Fig. 4.2.1]. The resonance frequency (normalized
wavelength, i.e. λres/L , L is the width of nanopatches) of the coupled nanopatches
as a function of the dielectric spacer (gap) is also shown in Fig. 4.2.1. They are
calculated by a full wave simulation. However, a simple analytical model can also
predict the resonance position which we will show later. The resonance position
of the symmetric mode only marginally changes upon decreasing the spacer [green
line in Fig. 4.2.1]. In contrast, the resonance position of the antisymmetric mode
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changes signicantly [blue line in Fig. 4.2.1]. Extreme coupling occurs whenever the
structure has an ultra-thin dielectric spacer, i.e. in the order of few nanometers. In
other word, extreme coupling allows to obtain resonances in the deep-subwavelength
domain, i.e. λres/L > 10 [51, 91, 120]. In following subsections, we will show that
the ultra-thin dielectric spacer can be realized experimentally by the atomic layer
deposition techniques [14,51,91].
Note that for dielectric spacers below 1 nm quantum eects are expected to emerge
that cannot be explained on the grounds of the classical theory as considered in the
context of this thesis [121123]. Therefore, we would like to not consider these
eects here. It is important to mention that not just the spectral position of the
resonances but also the eld enhancement in this structure depends on the thickness
of the dielectric spacer [5, 9, 12, 50, 124, 125]. The ultimate eld enhancement can
only be obtained in the extreme coupling regime [91, 126]. The concept of extreme
coupling that relies on very thin dielectric spacers is universal and can be applied
to any type of structures [50, 120, 126128]. We believe that many applications can
directly benet from this concept, e.g. deep-subwavelength nanocavities and truly
homogenous metamaterials [51,83,129].
4.2.2 Theory: Fabry-Perot model
In this subsection, we explain a semi-analytical approach (known as Fabry-Perot
model) to predict the resonance frequencies of a perfect absorber in near-eld cou-
pling regime [130134]. This analytical approach is powerful and oers a proper un-
derstanding on the behavior of the perfect absorber in the extreme coupling regime.
Fig. 4.2.2 shows the schematic view of the perfect absorber made of gold nanowires
and gold ground plate separated by a dielectric spacer. The resonances of the perfect
absorber occur whenever the phase accumulation per round trip due to the propaga-
tion (i.e. 2βL = 2k0neL) and the reection (i.e. 2φr) is an integer multiple of 2π,
i.e.




where, m = 1, 2, 3, ... is the order of resonance, and φr is the phase of the reection
coecient at the structure termination, L is the size of the nanoantenna, k0 is the
free space wavenumber, and neff is the eective index of the guided mode. The
origin of the resonance can be traced back to the constructive interference of light
which is reected back and forth at the termination of the structure [91, 134, 135].
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Figure 4.2.2: (a) Schematic of the investigated two-dimensional perfect absorber. (b)
The simulated absorption as a function of nanowire width and frequency
at normal incidence. The predicted resonance positions of all supported
modes by the perfect absorber are shown with white doted curves. The
modes are calculated by the semi-analytical model. (c) Phase and mod-
ulus of the reection coecient as a function of frequency. (d) Real
and imaginary parts of the eective index of the guided mode as a
function of frequency. The geometrical parameters are P = 250 nm,
L = 100− 240 nm, tfilm = 200 nm, tALD = 3 nm, tNP = 30 nm. (c)
It is important to mention that the physical origin of the resonances of the perfect
absorber are propagating surface plasmon polaritons (PSPPs).
In order to use Eq. 4.2.1, we should calculate the eective index neff(ω) and the
phase of the reection coecient at the structure termination φr. First, we calculate
the dispersion relation of the guided eigenmodes, i.e. neff(ω). Then, this mode
is considered as an illumination at the termination of the nite structure (perfect
absorber). Finally, the total eld in a plane normal to the x axis and located at x = 0
was calculated. The complex reection coecient of this mode at the termination
is extracted by employing the orthogonality relations obtained by the unconjugated
reciprocity theorem [91,134], which yields an expression for the reection coecient
as
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Figure 4.2.3: (a) The phase of reection as a function of frequency for dierent di-
electric spacers. (b) The real part of the eective index as a function of
frequency and the thickness of the dielectric spacer.
r = − exp−i2βL
´∞
−∞E0z(0, z) [Hy(0, z)−H0y(0, z)] dz´∞
−∞E0z(0, z)H0y(0, z) dz
, (4.2.2)
where Hy(0, z), and Ez(0, z) are the magnetic and the electric eld components
of the incident propagating surface plasmon polariton mode at x = 0, and β =
k0neff is the propagation constant of the antisymmetric mode. All quantities, except
the nanowire geometry, depend on frequency. Note that the reection coecient
is complex and strongly depends on the shape of the nanowire termination. The
modulus (|r|) as well as the phase (φr) of the reection coecient of the antisymmetric
mode is shown in Fig 4.2.2.
Let us focus on a two-dimensional perfect absorber. This means that the struc-
ture is innitely extended in y-direction [Fig. 4.2.2]. A schematic view of the two-
dimensional perfect absorber is shown in Fig. 4.2.2 (a). All the geometrical pa-
rameters are shown in the gure caption. Note that the resonance frequencies of
a two-dimensional perfect absorber are almost identical to the three-dimensional
one [31, 136]. This similarity occurs because the physical behavior of the three-
dimensional perfect absorber is similar to the two-dimensional one.
At lower frequencies, the metal can be considered as a perfect electric conductor
and the phase φr in Fig. 4.2.2 (c) can be neglected. Our numerical result also con-
rms that the modulus |r| is close to unity and the phase is quite small. At higher
frequencies the phase will increase because the metal behaves as a strongly coupled
plasma [17]. This allows to obtain a deep-subwavelength structure. Figure 4.2.2
(d) shows the real and imaginary parts of the eective index of the structure as a
function of frequency. It can be seen that the eective index increases by increasing
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the frequency. The imaginary part is almost zero for lower frequencies (smaller than
300 THz). This ensures pronounced and narrow resonances for the perfect absorber.
However, the real part of the eective index is larger than 6 at all frequencies and
rises up to 20 in the visible frequencies. The eective index of the structure increases
strongly while decreasing the thickness of dielectric spacer (i.e. tALD). To understand
the eect of the thickness of dielectric spacer, the eective index of the structure is
calculated for dierent dielectric thickness, i.e. tALD = 3, 5, 8 nm. The simulation
results also show that the phase of reection will slightly increase by increasing the
thickness of dielectric spacer [Fig. 4.2.3 (a)]. This large eective index is eventually
the key to achieve deep sub-wavelength resonances. The phase pick up in reection
just increases linearly with frequency and it is very similar for all thicknesses. How-
ever, the eective index of the structure ne will decrease by increasing the thickness
of dielectric spacer [Fig. 4.2.3 (b)] [54].
The simulated absorption at normal incidence for the two-dimensional structure
as a function of frequency and wire width (L) is shown in Fig. 4.2.2 (b). The white
dotted lines are calculated by the semi-analytical model. The simulated absorp-
tion peaks and the estimated resonance frequencies of the excited modes based on
a semi-analytical model are in excellent agreement. The resonance frequencies of
all supported modes by the structure shift to lower frequencies by increasing the
width L [Fig. 4.2.2]. Note that the odd modes can be excited only at oblique inci-
dence whereas the even modes can be excited for both normal and oblique incidence.
This will be discussed in detail in the next subsection. However, all the even and
odd modes can be simultaneously predicted by the semi-analytical model [Fig. 4.2.8
(b)]. Therefore, we can conclude that the Fabry-Perot model properly predicts the
resonance position of all the supported modes of the perfect absorber. In the next
subsection, we will numerically and experimentally investigate a three-dimensional
perfect absorber in the near-eld scheme. We will show that the concept of the ex-
treme coupling allows to achieve deep-subwavelength perfect absorber. We will show
that the measured and simulated absorption are in good agreement [Fig. 4.2.6].
4.2.3 Array of nanopatches on top of a metallic ground plate
The investigated perfect absorber consists of an array of gold nanopatches on top of a
gold metallic ground plate and separated by a thin dielectric spacer. The investigated
structure and a SEM image of a sample fabricated by colleagues at the Friedrich-
Schiller Universität Jena are shown in Fig. 4.2.5 (a) and (b). Figure 4.2.4 also shows
an artistic view of the structure. The geometrical parameters of the perfect absorber
are selected such that the structure possesses well-pronounced resonances with large
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Figure 4.2.4: Schematic of the perfect absorber in the extreme coupling regime. The
perfect absorber consists of a gold nanopatch deposited on a gold ground
plate and separated by an ultrathin dielectric spacer. The ultrathin
dielectric spacer is fabricated with ALD technique. The structure sup-
ports dierent modes (indicated with the dierent colors). The current
distributions as well as a TEM image of a cross section of the fabricated
sample are shown in the gure.
absorption. The proposed structure will support a fundamental as well as higher-
order antisymmetric modes. The perfect absorber is periodic in x and y directions
with a periodicity of Px = Py = 250 nm. An extremely thin layer of fused silica
with dielectric index of ε = 2.25 is used as a dielectric spacer on top of the metallic
ground plates. This thin spacer has been fabricated by using atomic layer deposition
(ALD). The patch nanoantennas as well as the ground plate are made of gold and the
permittivity is taken from Ref. [137]. The semi-analytical approach known as Fabry-
Perot model can predict the resonance position of the proposed structure [shown
for two-dimensional absorber in Fig. 4.2.2 (b)]. In order to avoid the emergence of
quantum plasmonic eects, we consider dielectric spacers thicker than 3 nm. Note
that the quantum eect investigation is out of scope of this thesis and established
very well in the literature . However, we will show that the limiting factor for the
suggested perfect absorber is the unavoidable surface roughness that contributes to
a degradation of resonances.
We would like to mention that the deep subwavelength perfect absorber in this
chapter have been fabricated by Dr. Hüebner, Institute of Photonic Technology
(IPHT), Jena, Germany and measured by Dr. Ekaterina Pshenay-Severin at Insti-
tute of Applied Physics Friedrich-Schiller-University Jena. The fabrication of the
structure starts on the wafer level by using a 4 inch fused silica wafer. At rst,
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Figure 4.2.5: (a) Schematic view of the plasmonic perfect absorber with an extremely
thin dielectric spacer. b) SEM image of a fabricated perfect absorber.
Geometrical parameters are chosen as P = 250 nm, W = 100− 200 nm,
tfilm = 200 nm, tALD = 3− 8 nm, tNP = 30 nm.
the 200 nm thick gold ground plates were prepared. Sliced in chips the samples
were individually coated with ultrathin SiO2-lms (in the range of 3 to 8 nm) by
means of ALD. Eventually, the thin 2D-gold grating nanostructure was prepared on
top of the ALD layer by using aligned electron beam lithography, Ti/Au - evapo-
ration and lift-o-technique. The optical measurements were performed by a FTIR
Bruker spectrometer connected to a microscope in reection mode. Reection spec-
tra were measured for both principle polarizations in the spectral range from 75 THz
to 600 THz. Measurements in such a broad spectral range were realized using spe-
cic detectors for certain spectral ranges. The reection for two angles of incidence
was investigated. The measurements of the reection for normal incidence were con-
ducted with a 15 x objective (NA=0.40) that corresponds to the half cone opening
angle of 24 degrees. The reection measurements for oblique incidence were per-
formed with Bruker's grazing angle objective. More details about the measurement
and experiment can be found in Ref. [91].
The reection spectra for both measurement and simulation are shown in Fig. 4.2.6
(a) and (b) for normal (θ = 0o) as well as oblique incidence (θ = 70o) for TM
polarization, respectively. The length of the nanopatch is L = 195 nm and the
dielectric spacer has a thickness of 3 nm. This thin dielectric spacer between the
gold plates of the structure will lead to a large propagation constant and, hence,
eective index. This allows to achieve a perfect absorber which supports multiple
resonances [4.2.6 (a) and (b)]. At normal incidence, the plane wave illumination
can excite only even order modes. The current distributions of such modes are
sketched in Fig. 4.2.6 (e), i.e. the fundamental mode (FM) and second order mode.
In order to excite odd modes in addition to the even modes, one need to break the
symmetry by an oblique illumination. The rst three modes, i.e. the fundamental,
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Figure 4.2.6: (a) and (b) experimental and numerical reection spectra at normal and
oblique incidence (θ = 70o) for L = 195 nm with 3 nm gap, respectively.
(c) and (d) show experimental and numerical reection spectra for L =
200 nm with an 8 nm gap at normal and oblique incidence, respectively.
(e)-(g) Current distribution (x-component) of the fundamental, rst,
and second modes for L = 195 nm with 3 nm gap. The perfect absorber
is illuminated by a TM polarized plane wave. The magnetic eld is along
the y direction.
the rst, and the second order mode appear at 135, 250 and 320 THz, respectively,
with negligible dependence on the incidence angle [4.2.6 (a) and (b)]. It can be
seen that the fundamental mode is red shifted (2.25 µm) due to an extreme near-
eld coupling between the gold nanopatches and the ground plate. This provides a
deep-subwavelength perfect absorber with an aspect ratio of resonance wavelength
to period of roughly λ/P ≈ 10. This is considered huge in comparison with any
conventional plasmonic perfect absorbers. Note that typical values for this ratio as
achievable with a spacer of 30 nm are around 3 [9].
The numerical results are in excellent agreement with the measured reection at
lower frequencies. At higher frequencies, the measured reection is generally smaller
and the resonances are less pronounced and broader. These small discrepancies can
be fully explained by the surface roughness of the thick metallic ground plate. We
will discuss it in details later. At fundamental mode (FM), the absorption is A > 0.75
at both normal and oblique incidence. Note that the absorption is less pronounced
for higher order modes (i.e. rst and second mode) due to an impedance mismatch
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Figure 4.2.7: (a) shows the measured (dots) and simulated (solid lines) resonance
frequencies of the perfect absorber as a function of its length (L) for
the fundamental and second order mode. (a) 3 nm spacer; (b) 8 nm
spacer.
between the incoming wave and the structure.
Figure 4.2.6 (e) shows the current distribution of the rst three excited modes of the
structure. From these current distributions it can be concluded that all the supported
modes by the structure can be fully understood from the fundamental mode of the
metal-insulator-metal (MIM) waveguide. The fundamental mode is antisymmetric
with respect to the current in the upper and the lower metallic plate and sometimes
called the magnetic dipolar one [138,139]. Note that the symmetric MIM-waveguide
mode which is usually identied with the electric dipolar mode occurs at very high
frequencies.
Figure 4.2.6 (c) and (d) show the measured and simulated reection spectra of
the structure with a length of the nanopatch of L = 200nm at normal (θ = 0o)
and oblique incidence (θ = 70o), respectively. In this case, the dielectric spacer
is considerably thick and fabricated with ALD, i.e. tALD = 8 nm. It can be seen
that there is an excellent agreement between the measured and simulated reection
spectra [Fig. 4.2.6 (c) and (d)] at all frequencies of interest. This better agreement
compared to tALD = 3 nm can be attributed to the marginal impact of the surface
roughness for a thicker dielectric spacer. We will explain it in detail later.
As already explained in the previous subsection, the eective index of the struc-
ture (i.e. tALD = 8 nm dielectric spacer) will decrease compared to a tALD = 3 nm.
This allows to achieve a better impedance matching and also the resonances shift
to higher frequencies. Furthermore, less modes can be excited in the investigated
spectral range. Nonetheless, we can easily identify all the supported modes, i.e. the
fundamental, the rst, second, and third one in the measured spectra at 180, 335,
415 and 480 THz, respectively. The measured absorption for the fundamental mode
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is roughly 0.9 at normal incidence. In fact, this is due to the fact that the structure
with thicker dielectric spacer can oer better impedance matching with impinging
light.
Similar spectra to those shown in 4.2.6 are measured at normal incidence for the
proposed structure with a dierent length L while maintaining the spacer thick-
ness. The dependence of the resonance positions of the fundamental and the second
order mode extracted from the measured and simulated spectra as a function of
the length of the structure (L) for tALD = 3 nm and tALD = 8 nm are shown in
Fig. 4.2.7, respectively. The resonance frequency ωres of the structure depends on the
length of nanopatches L, i.e. it decreases by increasing the length of the nanopatches
(ωres ∝ 1/L). Our numerical predictions show an excellent agreement between the
experimentally measured resonance frequencies for thick as well as very thin spacers.
The results show that for the small ALD gap of 3 nm, the resonance frequency of the
fundamental mode will shift to extremely long wavelengths when compared to the
size of nanopatches.
4.2.4 Surface roughness
As already highlighted in the previous subsection, the minor deviation between the
experiment and numerical results can be addressed to the surface roughness [91].
In order to properly quantify the surface roughness, we used only two parameters,
namely the maximum height and modulation frequency. An AFM measurement was
conducted at the metallic ground plate before the deposition of the ALD layer to be
able to estimate both quantities. Figure 4.2.8 (c) shows an a selected cut over the
distance of a 4 period super-cell. The measured surface roughness is not too large
(maximum modulation height is 10 nm). However, this modulation height is almost
equal to the dielectric spacer (e.g. tALD = 10 nm). This should aect the optical
response of the perfect absorber strongly. TEM measurements are conducted to
determine the surface roughness of each layer [Fig. 4.2.8 (b)]. The large modulation
height is due to the large overall thickness of 200 nm of the evaporated ground plate.
This can be signicantly reduced for thinner plates or by using crystalline grown
gold.
The surface roughness considered in the simulations is shown in Fig. 4.2.8 (d).
The maximum modulation height is assumed to be 10 nm and the modulation fre-
quency is chosen such that the roughness distribution resembles the measured one
[Fig. 4.2.8 (b)]. The ALD layer as well as the upper metallic nanowires are assumed
to be conformably deposited. Figure 4.2.8 (e) and (f) show the simulated reection
spectra of the structure as a function of frequency for tALD = 3 and 8 nm. Fist, we
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Figure 4.2.8: (a) Schematic view of the plasmonic perfect absorber. (b) Cross-
sectional TEM picture of a fabricated sample. (c) The surface topology
based on AFM measurement of a fabricated sample. (d) The surface
roughness of a two-dimensional perfect absorber for 4 unit cells. (e)
and (f) The reection as function of frequency without (blue line) and
with (brown line) surface roughness for thin and thick dielectric spacers
(tALD = 3, 8 nm), respectively.
investigate a thin ALD gap, i.e. tALD = 3 nm, all resonance frequencies are slightly
shifted to lower frequencies [Fig 4.2.8 (e)]. Moreover, the resonance dip of the struc-
ture with surface roughness is less pronounced compared to the ideal case. At higher
frequencies, the surface roughness leads to spectral broadening. This will explain the
small deviation between numerical and experimental results. However, for the thick
gap (tALD = 8 nm), the spectral broadening is almost negligible which is similar to
the experimental observations. Note that the surface roughness is the dominating
eect for the investigated structure and quantum eects can be fully neglected.
In this section, we proposed a deep-subwavelength perfect absorber based on ex-
treme coupling. We showed that the extreme coupling can be obtained by a thin
dielectric spacer, in the order of few nanometers, which is experimentally achieved
by an atomic layer deposition (ALD). We used a semi-analytical approach based
on Fabry-Perot model to predict the resonance frequencies of the perfect absorber.
The predicted resonance frequencies are in a good agreement with numerical results.
Most of the theoretical and numerical ndings of this section are fully supported by
experimental results. The small deviation between the numerical and experimental
results is explained by surface roughness.
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4.3 Far-eld scheme: Destructive/constructive
interference
In Chapter 2, we have shown that the absorption of an array of rectangular nanopatches
is limited to 50 percent. Note that this is a universal limitation as long as the
nanopatches can be only described by an electric dipole moment, i.e. all higher or-
ders are negligible. One of the simplest and practical approaches to enhance the
absorption is using a metallic ground plate in order to suppress the transmission
[Fig. 4.3.1 (a)]. In fact, complete light absorption can occur when the reection
goes to zero (R = 0) due to the fact that the transmission is zero (T = 0) (thick
metallic ground plate). In order to achieve zero reection the dielectric spacer should
be properly tuned such that the directly reected light interferes destructively with
the light that experiences multiple reections in the layer [Fig. 4.3.1 (a)]. In the
next subsection, we will show that the optical response of the structure can be fully
explained by a simple Fabry-Perot model. This model is only valid for considerably
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Figure 4.3.1: (a) Asymmetric Fabry-Perot cavity model for a perfect absorber in far-
eld interference scheme. (b) Schematic of the proposed perfect ab-
sorber. The geometrical parameters of the structure are: tFilm = 300
nm, d = 20− 1500 nm, Lx = 400 nm, Ly = 100 nm, PX = Py = 500 nm
and t = 20 nm.
4.3.1 Theory: Asymmetric Fabry-Perot cavity
Let us focus on the underlying mechanism of the perfect absorption of a perfect
absorber in the far-eld scheme [Fig. 4.3.1 (a)]. As already mentioned, the perfect
absorber consists of an array of nanoantennas on top of a metallic ground plate
separated by a thick dielectric spacer. To simplify the structure and also to provide a
physical explanation, we consider the structure as an asymmetric Fabry-Perot cavity
with two mirrors, i.e. the metallic ground plate as the bottom mirror and the array
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of nanoantennas as the top mirror. The total reection and transmission coecients
of the cavity can be expressed as using Airys formula that reads [74,140,141]:










where t12, t21, r12, r21, r23 are complex-valued reection and transmission coecients
at both interface, ϕ = k0nd cos θ
′ is the phase accumulated upon a cavity transfer,
k0 is the free space wavenumber, n is the refractive index of the dielectric, and d
is its thickness. In principle, the array of nanoantennas fully can be modeled only
by its reection and transmission coecients. A full wave simulation can be used
to calculate the reection and transmission coecients (r12, t12, r21, and t21). This
can be done by assuming that the nanoantennas are sandwiched between two semi-
innite half-spaces, i.e. air and dielectric and illuminated by a linearly polarized
incident plane wave either from the top air or from dielectric [74].
As already mentioned, the total absorption can be obtained if the reection as well
as transmission of the structure vanishes. The transmission of the structure is totally
suppressed T = |t| = 0. This is due to suciently thick metallic ground plate (i.e.
t23 = 0). To achieve total absorption (A = 1 − T − R ' 1) the reection should be
zero as well (R = |r|2 = |r12 + rm|2 ' 0). The reection is the sum of the direct
reection coecient r12 and the multiple reection coecient rm [as sketched in Fig.
4.3.1 (a)]. Therefore, in the far-eld scheme, the condition of the perfect absorption
read as
r12 = −rm. (4.3.3)
In the next subsection, we will show that the total absorption occurs whenever
Eq. 4.3.3 is fullled.
4.3.2 Array of nanopatches on top of a metallic ground plate
The schematic view of the proposed perfect absorber is depicted in Fig. 4.3.1 (b). It
consists of an array of rectangular gold nanopatches on top of a metallic ground plate
separated by a thick dielectric spacer. The structure is periodic in x and y directions
and the periods are Px = Py = 500 nm. The refractive index of the dielectric spacer is
n =
√
εd = 1.5 . To explore the underlying physics of the proposed perfect absorber,
we calculated the absorption A as a function of the thickness of the dielectric spacer d
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Figure 4.3.2: (a) and (b) Theoretical and simulation absorption spectra as a function
of frequency and dielectric thickness (d) for a gold nanopatches perfect
absorber at normal incidence
and the frequency [Fig. 4.3.2 (b)]. The dielectric spacer is varied from 20− 1500 nm.
To be able to compare it with the Fabry-Perot model, the simulated result is divided
into two distinct parts, namely, far-eld and near-eld [Fig. 4.3.2 (a) and (b)]. The
numerical result shows that the perfect absorption (A = 1) can be achieved at various
dielectric spacer d, periodically spaced around a frequency of operation. Moreover,
the resonance frequency of maximum absorption is slightly changing for dierent
dielectric spacer. Note that the hybridization of the localized eigenmode of the gold
nanopatches with the Fabry-Perot resonance of the cavity can be clearly seen in
Fig. 4.3.2 (a) and (b). This will lead to a strong Rabi splitting and avoid crossing
[Fig. 4.3.2 (a) and (b)].
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Figure 4.3.3: (a) and (b) Maximum absorption as a function of dielectric thickness
calculated from semi-analytical approach and full wave simulation for
two dierent frequencies 160 THz and 200 THz, respectively.
The absorption spectra as a function of the dielectric spacer thickness d and res-
onance frequency is calculated by using the Airy's formula. It can be seen that it
shows similar behavior compared to the simulated results [Fig. 4.3.2 (a) and (b)]. As
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already highlighted, the analytical result can not predict the simulated result for thin
dielectric spacers due to the strong coupling between nanopatches and the metallic
ground plate. This can be better seen in Fig. 4.3.3 for two dierent resonance fre-
quencies 160 THz (a) and 180 THz (b). It can be seen that the absorption is shown
at those discrete frequencies as a function of the thickness of the dielectric spacer.
(a) (b)
































Figure 4.3.4: (a) and (b) Real and imaginary parts of direct reection coecient (r12)
as well as multiple reection coecient (rm) with dielectric thickness
d = 370 nm. The red hashed lines represent the crossing point when real
and imaginary parts of reection coecients have the same magnitude
but opposite sign, i.e. r12 = −rm.
In order to compare the numerical and analytical results, they are displayed in the
same gure [Fig. 4.3.3 (a) and (b)]. For thick dielectric spacers, i.e. d > 250 nm,
there is a perfect agreement between the numerical and proposed analytical results.
However, for thin dielectric spacers, there is a huge deviation between the metallic
ground plate and the nanopatches due to strong coupling. We investigated this in
detail in the previous section (i.e. near-eld coupling scheme). In order to fully
understand the absorption mechanism in the proposed structure, the real and imagi-
nary parts of the direct reection coecient r12 and the multiple reection coecient
rm are calculated at the resonance frequency f = 160 THz for a spacer thickness
d = 370 nm [Fig. 4.3.4 (a) and 4.3.4 (b)]. It can be easily seen that due to the con-
structive interference between the both coecients rm and r12, i.e. r12 = −rm, the
total reection coecient is completely suppressed, i.e. r = r12 + rm = 0. Therefore,
the absorption reaches nearly 100 percent for the investigated frequency.
In this section, we proposed a perfect absorber (Salisbury screen) in the mid-
infrared regime based on a periodic array of gold nanopatches. Moreover, we used
a simple semi-analytical approach based on an asymmetric Fabry-Perot model in
order to predict the optical responses of the perfect absorber. We showed that this
model is only valid for thick dielectric spacers (i.e. no near-eld coupling). The
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proposed structure provided a complete absorption for various dielectric thicknesses
d. The underlying mechanism of the total absorption is fully explained by destructive
interference.
4.4 Concluding remarks
To conclude, in this chapter we have studied complete light absorption in two dierent
schemes, i.e. near-eld coupling scheme and far-eld interference scheme. For both
cases, the perfect absorber is made of an array of nanoantennas on top of a gold
ground plate which is separated by a dielectric spacer.
In the rst scheme (near-eld coupling), we have introduced the concept of the
extreme coupling. This only occurs for a dielectric spacer in the order of few nanome-
ters. The experimental realization of the structure is achieved by taking advantage
of atomic layer deposition (ALD) in order to fabricate thin dielectric spacers. We
have experimentally shown that a deep-subwavelength nanoantenna, with a ratio of
resonance wavelength to period of λ/P ≈ 10. This is only possible when the perfect
absorber operates at extreme coupling. An analytical approach based on a Fabry-
Perot model is used to predict the resonance position of the investigated structure.
Small deviations between the experimental, numerical, analytical results for the ex-
tremely thin dielectric spacers (3 nm) are explained by the surface roughness of the
metallic ground layer. Finally, it is important to note that the concept of the extreme
coupling might be useful to obtain an ultimate eld enhancement, truly homogenous
metamaterials, and omnidirectional perfect absorbers.
In the second scheme (far-eld interference), the dielectric spacer between the
metallic ground plate and the array of nanoantennas is considerably thick (d ∼
λ) such that there is no near-eld coupling between them. In this case, we have
shown that the only mechanism to obtain the complete light absorption for an array
of nanoantennas (the absorption is limited to 50 percent) is using the concept of
interference. A simple asymmetric Fabry-Perot cavity with two mirrors (the metallic
ground plate as the bottom mirror and the nanoantennas array as the top mirror) has
been used to predict the response of the perfect absorber. The total absorption occurs
when the reection is completely suppressed by a destructive interference between
the direct reection coecient and the multiple reection coecients.
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5.1 Introduction
In Chapter 3, we investigated the light scattering by nanoantennas such as identical
and nonidentical coupled nanopatches, which exhibit electric and magnetic dipole
moments. We showed that one can achieve a dierent optical response, i.e. reection
and absorption, when the array of nanoantennas is illuminated in forward and back-
ward directions. This was due to the bianisotropic response of the nanoantenna which
is achieved by breaking the symmetry of nanopatches. This bianisotropic response
provides interesting optical features such as designing a nanoantenna with vanishing
backscattering. Moreover, we found that it is possible to design a metasurface which
completely absorbs the incident light.
In this chapter, we will discuss the optical response of new types of nanoanten-
nas made of gold nanorings. As we will show, they have unique properties that
make them appealing for a larger number of applications. This concerns in particu-
lar the eld enhancement in the vicinity of the metallic nanoantennas [18, 25]. The
enhanced eld can be used to boost the eciency of optoelectronic devices ranging
from light-emitting diodes to solar cells [89]. It also has the potential to increase the
sensitivity of Raman scattering or infrared absorption spectroscopy. The physical
origin of eld enhancement is the excitation of localized surface plasmon resonances
(LSPRs) [25]. In principle, the properties of the LSPR are dictated by the geometry
of the nanoantenna; i.e. its size and shape and the optical properties of the materi-
als. Light interaction with various plasmonic nanoantennas with dierent geometries
such as nanopatches, nanorodes, and nanospheres have been extensively investigated
numerically and experimentally [49]. For most of the aforementioned nanoantennas
the enhanced eld is localized outside the nanostructure and in a rather small volume
in the vicinity of the nanoantennas. However, for some applications, it is essential
to have plasmonic nanostructures with a uniform eld enhancement that stretches
along extended spatial domains. It has been shown that a plasmonic nanoring is a
good candidate for providing such a uniform eld enhancement [142146]. Nanor-
ing antennas attracted a lot attentions due to its potential for enhancing nonlinear
eects and boosting the solar cell eciency [147, 148]. Therefore, it is essential to
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understand and describe the optical response of a gold nanoring in order to design
nanoantennas for a specic application.
The rst goal of the present chapter is to investigate a metasurface made of gold
nanorings and discuss its optical properties based on the simple analytical method
developed in the previous chapters. Predictions are compared to full wave simula-
tions. To link the study from the very rst beginning to experiments conducted in
close proximity to the thesis, we present results of these experiments in parallel. All
structures of the present chapter have been fabricated and measured by Dennis Lehr
at the group of Prof. Kley, University of Jena.
The second goal of this chapter is to investigate plasmonic nanoantennas with in-
teresting optical features for desired applications. We show that one can obtain a
nanoantenna based on a gold nanoring with a directional pattern. As already ex-
plained in the previous chapters, such directionality can be achieved for nanoantennas
with balanced electric and magnetic dipole moments; the so called rst Kerker con-
dition [20, 26, 82]. In this chapter, we rst introduce a generalized Kerker condition,
beyond considering only dipole moments, i.e. for an electric and magnetic dipole
moment and an electric quadrupole moment. A gold nanoring with high aspect ratio
(D ∼ H, where D is the inner diameter, H is the height of nanoring) is a prototypical
nanoantenna that fortunately supports electric dipole and quadrupole moments. We
will discuss the scattering response of a nanoring that fullls the balanced condition.
We show that at the balanced condition a ring nanoantenna possesses a directive
pattern with suppressed back scattering and enhanced forward scattering. This is
due to the destructive interference of the radiated far-elds emitted from the electric
dipole and quadrupole moments in the backward direction and their constructive in-
terference in the forward direction. Moreover, we investigate the optical response of
a periodic array of such nanoantennas. For such a metasurface, it would be possible
to achieve a perfect absorption beyond dipole approximation by a proper tuning of
the electric dipole and quadrupole moments. The mechanism of total absorption is
dierent from the suggested approaches in the previous chapters.
Since the seminal theoretical work of Ugo Fano on scattering line-shape of inelastic
scattering of electrons from helium, tremendous eorts have been made to observe
the same resonant scattering phenomenon in atomic but also in many other physi-
cal systems [79]. The Fano resonance type of features are found in various studies,
e.g. superconductors optics, and scattering in photonics crystals [79]. In general, a
Fano resonance is a resonant scattering phenomenon that gives rise to an asymmetric
line-shape. Interference between two resonant scattering states or modes, i.e. a back-
ground state (broad resonance or bright mode) and a discrete state (that possesses a
sharp resonance or dark mode) produces the asymmetric line-shape. Recently, Fano
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Figure 5.1.1: (a) Plasmonic nanoring with the inner diameter D1 = 65 nm, the outer
diameter D2=195 nm and height h = 50 nm. (b) Electric polarizabilty
of an individual gold nanoring. (c) The array response (reection) calcu-
lated analytically from the individual polarizabilty for dierent periods.
All the geometrical parameters of the nanoring is also shown in the Fig.
resonances in various plasmonic nanostructures have been studied because of interest-
ing application perspectives [79,149154]. In particular, they can be used for sensing
applications that benet from the extreme eld enhancement and sharp spectral fea-
tures. In most of the plasmonic nanostructures, the bright mode is the electric dipole
moment and the dark mode is a higher multipole, e.g. electric quadrupole moment.
The last goal of this chapter is to design multi-resonant plasmonic nanoantennas
made of gold nanorings with some exotic optical response such as scattering dark
states and Fano resonances. This is achieved by using a concentric multi-nanoring.
We note that most of the ndings of this chapter have been previously published
in Ref. [147,155,156].
5.2 Strongly coupled nanorings
In this section, we briey discuss the optical properties of an individual nanoan-
tenna made of a plasmonic nanoring as well as of an array of such nanoantennas.
The schematic of the investigated structure is depicted in Fig. 5.1.1 (a). It can be
characterized by three geometrical parameters, i.e. the inner diameter D1, the outer
diameter D2, and the height h. Due to this large number of degrees of freedom, the
optical response of the nanoantenna can be easily tuned by varying the geometry of
the nanoring. The nanoantennas are made up of gold and assumed to be embedded
in air. The are illuminated by a plane wave with an electric eld polarized along the
x-axis that propagates in the positive z-direction. The investigated nanoring shows
only an electric response in the entire spectral region, i.e. all higher order multipole
moments can be neglected [Fig. 5.1.1]. Notice that this is valid only for the selected
geometrical parameters. In the next section, we will present nanorings with consider-
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(a) (b) (c) (d)
400 nm
Figure 5.2.1: Sketches of intermediate fabrication steps. a) Template for double pat-
terning, b) chromium ring after double patterning, c) Al2O3 ring af-
ter Ion Beam Etching (IBE) and removal of the chromium mask, d)
gold nanoring after Oxygen Reactive Ion Beam Etching (O2-RIBE) and
stripping of the Al2O3 mask. e) Cross section of fabricated sample, f)
sketch of nanoring model, g) measured geometrical parameters of the
nanoring arrays
ably larger height that can support a new mode (i.e. an electric quadrupole response)
in addition to the electric dipole response. The retrieved electric polarizability of the
nanoring is depicted in Fig. 5.1.1 (b).
Before presenting the experimental results, we briey explain the basic process to
fabricate such nanoantennas. Details can be found in Ref. [157]. First, resist pillars
are generated on a fused silica substrate by using character projection electron beam
lithography (EBL) on a 50 nm gold and 10 nm aluminum oxide layers [Fig. 5.2.1
(a)]. Then, the resist pattern is converted into a chromium ring by double pattern-
ing (DP) [157], i.e. homogeneous coating with chromium by ion beam deposition
and subsequent ion beam etching to remove the chromium from horizontal surfaces
[Fig. 5.2.1 (b)]. This chromium ring is transferred into the underlying aluminum
oxide layer [Fig. 5.2.1 (c)] and then, into the gold layer [Fig. 5.2.1 (d)] by ion beam
etching.
As already mentioned, the gold nanoring can be modeled by the inner diameter
D2, the outer diameter D1, and the height h. However, the cross section of the
fabricated sample shows slight distortions with respect to Fig. 5.1.1 (a). Therefore,
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it is necessary to model the rings with two more parameters, i.e. h1 and h2 [Figs. 5.2.1
(e)-(f)]. The geometry of the gold nanorings is also simulated according to the model
illustrated in [Fig. 5.2.1 (f)]. All the measured parameters for the nanorings are
shown in the table contained in Fig. 5.2.1 (g). In the simulation the permittivity of
the gold was taken from ellipsometric measurements of a bare gold layer. In order to
evaluate the optical properties of the gold nanoring, several spectral measurements
performed and compared them to the numerical simulations. The numerical and
experimental results are depicted in Fig. 5.2.2 (a) and (b). The numerical (solid
lines) and measurement (dashed lines) are in extraordinary agreement with respect
to the spectral resonance position, width, and amplitude [157]. We also calculated
the eld distributions for two dierent periods. It can be seen there is a uniform
eld enhancement inside the gold nanoring [Fig. 5.2.2 (c) and (d)]. This uniform
eld enhancement is due to the dipolar resonance of the ring [146] which has a
great potential to design practical devices such as a plasmonic sensor for the DNA
detection or a plasmonic color lter [158,159]. It can also be used to boost nonlinear
eects [147].
Experimental and numerical results show that decreasing the period of the nanor-
ing leads to a small spectral blueshift and spectral broadening [Fig. 5.2.2 (a) and
(b)]. In order to understand the impact of the period, we calculated the optical
response from an array of such nanoantennas, i.e. reection and transmission spec-
tra, by applying the analytical approaches which were explained in Chapter 2 [see
Eq. 2.3.20 and Eq. 2.3.22]. This can be done because the scattering response of an
isolated nanoanetnna is dominated by an electric dipole moment [Fig. 5.2.1 (b)]. The
theoretical results are shown in Fig 5.1.1 (c) for dierent periods, i.e. P =210, 240,
280 nm. Here, the gold nanoring has an inner diameter of D1 = 65 nm, the outer
diameter D2 = 195 nm and the height of h1 = 50 nm. The theoretical results also
conrm that broadening of spectra will occur by decreasing the period of array [Fig
5.1.1 (c)]. This is simply due to the dipole-dipole interaction between nanorings in
the array and depends on the period of the array. The electric eld will enhance by
decreasing the period of the array because of the inter-particle coupling in the array
[Fig. 5.2.2 (c) and (d)].
To this end, we investigated the optical response of a dense array of nanorings.
We have shown that there is a great agreement between numerical, experimental,
and theoretical result. The optical properties of the plasmonics nanorings can be
tuned, by varying the plasmonic material, substrate, and lling material, and the
nanoring's size. We believe that plasmonic nanorings can oer interesting optical
features which we will try to explore to some extent in this chapter. In particular,
in the next section, we want to explore a nanoantenna based on a gold nanoring
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(d)
Experiment
P = 210 nm
(e)Experiment
Simulation
Figure 5.2.2: (a) and (b) Simulated (blue and red solid lines) and measured (blue and
red dashed lines) transmission and reection for gold nanoring arrays
with dierent geometrical parameters (period P = 210 nm (red) and P
= 240 nm (blue)). (c) and (d) The eld distribution for two dierent
periods. Smaller periods, i.e. small ring to ring distance leads to larger
eld enhancement. (e) and (f) Images of the fabricated samples for two
periods.
with a directional pattern. In order to do that, we rst introduce a generalized
Kerker condition for a nanoantenna which supports an electric quadrupole moment
in addition to the electric and magnetic dipole moments. The antenna will show a
directional pattern whenever all these moments are in balanced condition. We will
show that a nanoantenna made of gold nanorings can be tuned such that it meets
this condition.
5.3 Directive nanoring: Multipole interference
Engineering the scattering of optical nanoantennas is a fast-growing eld which at-
tracts tremendous attentions [39, 84, 108, 160, 161]. The ability to engineer the scat-
tering response can be attributed to the fact that nanoantennas can support dierent
multipole modes, not only electric dipole ones [28, 38, 91, 162]. A proper tuning of
size, shape and material of nanoantennas leads to intriguing scattering eects such
as superscattering [28, 37, 38], cloaking [163, 164], and controllable scattering direc-
tion [61,82,165169].
In the previous section, we discussed the optical properties of a gold nanoring
theoretically, numerically, and experimentally. Such nanoantennas [Fig. 5.3.1(a)]
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Figure 5.3.1: (a) Schematic representation of the investigated gold nanoring. The
nanoantenna is embedded in a homogenous host medium with refractive
index of n =
√
εr = 1.5. (b) Artistic view of the radiation pattern of
the nanoantenna.
have been investigated theoretically and numerically due to their promising applica-
tions [142, 145147, 154, 170172]. It is shown that they generally support only an
electric dipolar mode with a uniform eld enhancement inside. This dipolar mode
exhibits an identical scattering in forward and backward direction. Therefore, an in-
teresting question is: Is it possible to achieve directional scattering from a plasmonic
nanoring? To achieve a directional pattern with zero backscattered eld for magneto-
dielectric spheres, Kerker suggested to use an interference of their electric and mag-
netic dipole modes [20]. Recently, the so-called Kerker condition have been attracted
considerable attention both theoretically and experimentally in order to realize direc-
tional emission for dielectric and metallic nanoantennas [61,82,104,166168,173,174].
In order to address the aforementioned question, we introduce in this section a
more general approach to design directive nanoantennas with zero backscattering
based on a generalization of this Kerker condition [174]. Particularly, we include
electric quadrupole modes as well. In particular, we discuss the scattering properties
of a single nanoring which possess two modes with a notable amplitude in the same
spectral region, i.e. an electric dipole and an electric quadrupole mode. We show that
this can occur whenever the nanoring has a large height compared to the inner diam-
eter (i.e. D ' h) [Fig. 5.3.1 (a)]. Such a nanoantenna possesses a directive radiation
pattern with zero backscattering [Fig. 5.3.1 (b)]. The generalized Kerker condition is
used to predict and explain the suppression of the nanoring's scattering in backward
direction. Moreover, a constructive interference leads to an enhanced forward scat-
tering which provides the desirable directional scattering properties [Fig. 5.3.1 (b)].
We show that all these ndings can be used to explain the far-eld emission of a
dipole emitter close to such a nanoring as well. A similar approach is also used to
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discuss the scattering properties of few coupled nanorings which radiate the light in
a desired direction.
5.3.1 Single nanoring
This subsection is organized as follows: rst we introduce the theory of the generalized
Kerker condition. Afterwards, we conrm the applicability of the condition at the
example of a specically designed plasmonic nanoring [Fig. 5.3.1 (a)]. Finally, we
demonstrate how this nanoantenna can be used for directive and enhanced emission
of a close-by dipole emitter. We note that most of the ndings of this section have
been previously published in Ref. [155].
Let us consider a nanoantenna with an induced electric moment px, a magnetic
dipole moment my and an electric quadrupole moment Qxz. The radiated far-eld of




























− sin ϕ cos θ ϕ̂+ cos 2θ cos ϕ θ̂
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,
where r is radial distance, φ is azimuthal angle and θ is the polar angle, in spherical
coordinates. k =
√
εrω/c is the wavenumber for an angular frequency ω, and c is the
speed of light. εr is the host medium relative permittivity. Using Eq. (5.3.1), the











∣∣∣∣px − √εrmyc + ik6 Qxz
∣∣∣∣2 . (5.3.3)
where |Einc| is the the amplitude of the incident electric eld. According to Eq. (5.3.2),








Qxz = 0 (5.3.4)
is fullled. Note that Eq. (5.3.4) reduces to the well-known Kerker condition px −√
εrmy
c
= 0 [20], if the quadrupole moment is not considered. To take higher order
multipole moments into account, Eq. (5.3.4) can be extended. Furthermore, the
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Figure 5.3.2: Radiation pattern for dierent multipole moments in the xz-plane. (a)
Electric dipole moment (px), i.e. |Efar|2 ∝ cos2 θ. The blue arrows in-
dicate the phase of the radiated eld. (b) Electric quadrupole moment
(Qxz), i.e. |Efar|2 ∝ cos2 2θ. (c) Superposition of electric dipole and
quadrupole moments, i.e. |Efar|2 ∝ (cos θ + cos 2θ)2, when the gener-
alized Kerker condition is fullled [see Eq. (5.3.4) with my = 0], i.e.
px = −ik6Qxz.










∣∣∣∣px + √εrmyc − ik6 Qxz
∣∣∣∣2 . (5.3.5)
Hence, if Eq. (5.3.4) is fullled, a constructive interference in forward direction is
achieved in addition to the destructive one in backward direction.
To illustrate the physical mechanism behind the generalized Kerker condition, the
radiation pattern of an electric dipole moment px and an electric quadrupole moment
Qxz in the xz-plane (ϕ = 0
◦) are shown in Fig. 5.3.2 (a) and (b). Here, we consider
my = 0, since the nanoring investigated later supports a negligible magnetic response.
Then, if Eq. (5.3.4) holds, the electric eld radiated by an electric dipole and electric
quadrupole interfere constructively at θ = 0◦ [Fig. 5.3.2 (c)], i.e. the radiated elds
are in phase in forward direction [Fig. 5.3.2 (a) and (b)]. On the other hand, there
is no scattering backwards (θ = 180◦) because of the destructive interference in this
direction.
Equation (5.3.4) provides a general guideline to design nanoantennas without
backscattering and enhanced forwardscattering on the base of multipolar interfer-
ence. To demonstrate its applicability, the scattering response of a plasmonic nanor-
ing will be investigated now. A schematic of the investigated nanoring which fullls
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2nd @  400 THz
Figure 5.3.3: Plane wave excitation nanorings. (a) and (b) Total scattering cross sec-
tions and contributions from dierent multipole moments as a function
of frequency for nanorings with two dierent heights, h = 40 nm [(a)]
and h = 150 nm [(b)]; electric dipole moment px (red dashed line), mag-
netic dipole moment my (blue dashed line), and and electric quadrupole
moment Qxz (green dashed line). (c) and (d) Field distributions of the
nanoring with h = 150 nm for the rst [ν1 ≈ 340THz, (c)] and second
mode [ν2 ≈ 400THz, (d)].
the generalized Kerker condition is depicted in Fig. 5.3.1. The thickness of the gold
layer is t = 20 nm with a height of (h = 40 and 150 nm). The inner diameter of the
nanoring is D = 80 nm. The nanoring is illuminated by an x-polarised plane wave
propagating in the z-direction [Fig. 5.3.1 (a)]. It is embedded in a homogenous host
medium with refractive index of n =
√
εr = 1.5.
The scattering cross sections of nanorings for two dierent heights (h = 40 and
150 nm) are shown in Fig. 5.3.3 (a) and (b). For the nanoring with small height,
i.e. h = 40 nm, the scattering response can be fully described by an electric dipole
resonance around a frequency of 290THz [Fig. 5.3.3 (a)]. This nanoring (h = 40 nm)
exhibits an identical forward and backward scattering response. However, for the
nanoring with a height of h = 150 nm, a second mode can be observed around a fre-
quency of 400THz in addition to the dipole mode which is at 340THz [Fig. 5.3.3 (b)].
Note that the dipole resonance is slightly blue-shifted. The second mode might be
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Figure 5.3.4: Plane wave excitation of the nanoring with h = 150 nm, radiation pat-
tern. (a) Normalized forward (green line) and backward (blue line)
scattering cross sections. (b) The real and imaginary parts of the elec-
tric dipole moment (px) and the rescaled electric quadrupole moment
(−ik
6
Qxz). Note that, Eq. (5.3.4) should hold for both imaginary and
real parts at second mode (grey dashed line). (c) The radiated far-eld
pattern at second mode, i.e. 400THz (grey dashed line). This pattern
is identical to the theoretically predicted one [Fig. 5.3.2 (c)].
explained by a Fabry-Perot oscillation of surface plasmons from top to bottom of the
nanoring [130, 175]. According to the multipole expansion, the new mode is domi-
nated by an electric quadrupole moment (green dashed line). Nevertheless, the rst
mode has a strong contribution to the scattering cross section Csca at the resonance
frequency of the second mode as well. In fact, Csca is enhanced at the second mode
which is known as superscattering [28, 37, 38]. Note that the antenna is designed
such that contribution of magnetic dipoles is negligible in the entire scattering cross
section.
We will only consider the nanoring with large height, i.e. h = 150 nm due to the fact
that it supports two modes. This allows to obtain interesting optical features, i.e. di-
rective radiation pattern. Figure 5.3.3 (c) and (d) shows the eld distributions of the
rst and second mode for the nanoring with h = 150 nm, respectively. The rst mode
(340THz) shows a uniform eld enhancement inside the nanoring [142,157,171]. This
is similar to that observed for nanorings with small heights [Fig. 5.2.2 (c) and (d)].
However, the second mode (400THz) represents a strong eld enhancement around
the upper and lower terminations of the nanoring. Moreover, the eld strongly varies
inside the nanoring, which may be utilized to couple to dipole-forbidden transitions
of quantum systems [176].
The forward and backward radar scattering cross sections for the considered nanor-
ing are sketched in Fig 5.3.4 (a). At lower frequencies (below 330THz), the forward
and backward scattering cross sections are very similar due to the dominating elec-
tric dipolar response. However, at higher frequency (above 400THz), the backward
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Figure 5.3.5: (a) Schematic view of an array of nanorings on top of a dielectric sub-
strate. (b) Experimental transmission and reection spectra. (c) Nu-
merical transmission and reection spectra. The Kerker condition is
fullled since the reection of the array reaches zero at the quadrupole
mode. The geometrical parameters of the nanorings are H = 245 nm,
D = 360 nm, t = 20 nm, and Λ = 560 nm.
scattering is signicantly suppressed while the forward scattering is considerably
enhanced. We already claimed that the generalized Kerker condition [Eq. (5.3.4)]
can fully describe the enhancement of the forward scattering and suppression of the
backward scattering due to the coherent interference of the involved multipoles. To
conrm that, the real and imaginary parts of the electric dipole and quadrupole
moments of the investigated nanoring are shown in Fig. 5.3.4 (b). It can be seen
that Eq. (5.3.4) [px = −ik6Qxz for my = 0] holds for ν = ν2. Therefore, the Kerker
condition can fully explain the scattering properties due to the fact that it agrees
perfectly with the theoretical predictions [Fig. 5.3.4 and Fig. 5.3.2].
Eventually, we have presented the possibility to design plasmonic nanorings which
fulll the generalized Kerker condition [Eq. (5.3.4)]. The condition is suitable to
describe its scattering properties. However, the electric dipole and quadrupole mo-
ments are very sensitive to the actual geometrical parameters of the nanorings. In
the investigated case, nanorings of sucient height are needed to realize a properly
strong Fabry-Perot resonance with quadrupolar multipole moment. We have shown
that a nanoring exhibits zero backscattering if its satises the generalized Kerker
condition (px = −ik6Qxz). Therefore, one can show that an array of such nanoanten-
nas possesses a vanishing reection, i.e. R ∝
∣∣px + ik6Qxz∣∣2 ≈ 0 (more details can be
found in the next section). To conrm that, we calculated the numerical transmis-
sion and reection spectra of a periodic array of such nanoantennas [Fig. 5.3.5 (a)
and (c)]. It can be seen that the array supports two modes, i.e. the electric dipole
and quadrupole modes [Fig. 5.3.5 (c)]. Figure 5.3.5 (c) shows almost zero reection
due to the destructive interference of multipoles. The eect is less pronounced in
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the experiment compared to the numerical result due to the geometrical deviations
[Fig. 5.3.5 (b)]. In fact, the second mode is really sensitive to geometrical parameters,
especially to the height of the ring. More details of the array response will be given
in the following sections. In particular, we will show that it is possible to obtain
complete light absorption by proper varying the geometry of the nanoring and the
period of the structure.
Till now, we only discussed a plane wave excitation scheme. The question is
what will happen if we excite the nanoantenna in the near-eld excitation scheme,
i.e. by a close-by dipole emitter. In general, it is not possible to transfer all the
results from far-eld excitation to near-eld ones for two reasons: (a) emitters in
the near-eld may couple to dark modes that are not excitable from the far-eld,
(b) spectral shifts between these two excitation schemes [177, 178]. Nevertheless,
the results from the far-eld excitation may be used as a rule of thumb to achieve
a directive nanoantennas for near-eld excitation. In the case of the application of
the generalized Kerker condition on plasmonic nanorings, it would be desirable to
use the directivity of these nanoantennas for close-by emitters as well combined with
an enhancement of their spontaneous emission rate. In Fig. 5.3.6, the results for
a dipole excitation of the nanoring is shown. The dipole is placed centered at the
bottom of the nanoring [Fig. 5.3.6 (a)]. The scattered eld intensities in back- and
forward direction are displayed in Fig. 5.3.6 (a). They show that the scattering is
mostly in the forward direction at νdip ≈ 380THz, see also the inset for the radiation
pattern at νdip. The redshift of the spectral position of highest directivity can be
explained by the dierence between near- and far-eld illumination [177, 178]. The
calculated emission rate enhancement in the far-eld, usually termed Purcell factor
F , is calculated by the enhancement of the emitted power to the far-eld compared to
its emission without nanoantenna, F = P radna /P
rad
fs [176]. The radiation eciency η is
calculated as the fraction of emitted power that is not dissipated by the nanoring to
the total power emitted by the dipole [Fig. 5.3.6 (b)] [176]. Moderate Purcell factors
around 12 are calculated for νdip with respect to eciencies around 0.6. The eciency
dip around ν2 ≈ 400THz can be attributed to the coupling to the quadrupolar mode
of the nanoring. Hence, even though this coupling is necessary to achieve the high
directivity, it leads to a comparably low eciency for such large nanoantennas [179].
We have shown that the nanorings designed with the help of the generalized Kerker
condition, i.e. Eq. (5.3.4), can be used to enhance the emission of dipole emitters
while sustaining the directional character of the radiation. However, the connection
between near-eld and far-eld investigations is not straight forward, but Eq. (5.3.4)
might be seen as a valuable guideline to design directional nanoantennas for a cou-
pling to close-by emitters. To conclude, in this subsection we introduced a novel con-
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Figure 5.3.6: Electric dipole excitation. (a) Normalized forward and backward far-
elds: Efs is the radiated electric eld by a point electric dipole without
nanoantenna and Ean the same quantity in the presence of the nanoring.
Inset: Highly directive radiation pattern at νdip ≈ 380THz. (b) Purcell
factor F (black line) and nanoantenna eciency η (blue line).
dition to achieve highly directional plasmonic nanoantennas. The generalized Kerker
condition is based on the constructive/destructive interference of dierent multipole
moments in forward/backward direction. It has been veried for plasmonic nanorings
in the case of plane-wave excitations and shows a predictive character for close-by
dipoles as well. These ndings provide a powerful guideline for the design of highly
directive plasmonic nanoantennas.
5.3.2 Coupled nanorings
In the previous subsection, we introduced a ring nanoantenna that can enhance light
in forward direction and suppress in the backward direction. This allows to design
a nanoantenna with zero backscattered eld whenever the higher order multipoles
are excited. In this subsection, we will show that by a proper design of a few cou-
pled nanoantennas one can tune the scattering eld in a desired direction. As an
example, we investigate three strongly coupled nanorings (trimer) separated by a
small dielectric spacer. The scattering cross section of the coupled nanoantennas
can form a dierent pattern with respect to the isolated one. The geometry of the
coupled nanorings is shown in Fig. 5.3.7 (a). The nanoantennas are strongly cou-
pled and produce a hot-spot between nanorings. The scattering cross section of the
nanorings and the contribution of dierent multipole moments are calculated based
on multipole expansion and shown in Fig. 5.3.7 (b). Note that the single nanoring
(with the dimensions depicted in Fig. 5.3.7) exhibits only an electric dipole moment.
However, the coupled nanorings supports electric quadrupole response in addition to
the electric dipole of a single nanorings. The contribution of the magnetic dipole is
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Figure 5.3.7: (a) Geometry of the coupled nanorings. The height and inner diameter
of the nanoring are h = 50 nm and D = 100 nm, respectively. The
thickness of the gold nanoring is assumed to be t = 30 nm. The coupled
nanorings are embedded in a homogeneous host medium with refractive
index 1.5. (b) Scattering cross section of the structure as a function of
frequency. Individual contributions by the electric dipole moment px
(red dashed line), magnetic dipole moment my (blue dashed line), and
electric quadrupole moment Qxx and Qyy (green dashed line).
almost negligible. Note that the induced electric quadrupole moment in the coupled
nanorings antenna (Qxx) is dierent from previous section (i.e. single nanoring with
considerably large height Qxz). Therefore, it might oer a dierent radiation pattern
compared to a single nanoring at the electric quadrupole resonance at 275 THz. In
order to understand the far-eld radiation pattern, we focus on the radiated far-
eld of a nanoantenna with an induced electric dipole moment px and an electric
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Since we are interested in the electric radiated far-eld at xz-plane (ϕ = 0) that
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Figure 5.3.8: (a) The amplitude of dierent electric quadrupole components
(Qxx, Qyy, Qzz). (b) The real and imaginary parts of the electric dipole
(px) and quadrupole (
ik
6
Qxx). The grey dashed line shows the frequency
at which the balanced condition, i.e. px =
ik
6
Qxx, is fullled . (c)
Radiation pattern of the coupled nanorings at 275 THz.
Using the traceless properties of the quadrupole matrix, i.e. Qxx +Qyy +Qzz = 0,
and the fact that the coupled nanorings has considerably small Qzz ≈ 0, we can
conclude that Qxx = −Qyy. To conrm that, we calculated Cartesian quadrupole
moments of the coupled nanorings in Fig. 5.3.8 (a). It can be seen that the Qzz is
almost negligible. Therefore, for the investigated nanoantenna [Fig. 5.3.7 (a)], the














The real and imaginary parts of electric dipole and electric quadrupole are shown
in Fig. 5.3.8(b). It can be seen that at 275THz, the electric dipole and quadrupole
are in balanced condition, i.e. px = i
k
6
Qxx for both real and imaginary parts. There-
fore, the radiation pattern of the coupled nanoantenna is governed by |Efar|2 ∝




the electric dipole px and
electric quadrupole Qxx should interfere constructively [Fig. 5.3.9(b)-(c)]. However,




there is a constructive interference between the electric dipole px and the
electric quadrupole Qxx [Fig. 5.3.9(b)-(c)]. Moreover, from the far-eld expression,





radiated pattern of the coupled nanoanetnna is sketched in Fig. 5.3.8 (c) that is in
great agreement with the theoretical prediction [Fig. 5.3.9 (c)].
To conclude this section, we introduced a generalized Kerker condition which can
be used to explain the radiation pattern of arbitrary nanoantennas. In particular, we
used nanoantennas based on nanorings such that they fulll the balanced condition
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Electric dipole (ED) Electric quadrupole (EQ) ED + EQ(a) (b) (c)
Figure 5.3.9: Radiation pattern for dierent multipole moments in the xz-plane. (a)
Electric dipole moment (px), i.e. |Efar|2 ∝ cos2 θ. The blue arrows
indicate the phase of the radiated eld. (b) Electric quadrupole moment
(Qxx), i.e. |Efar|2 ∝ cos2 θsin2θ. (c) Superposition of electric dipole
and quadrupole moments, i.e. |Efar|2 ∝ (1− sinθ)2 cos2 θ, when the




between the electric dipole and quadrupole moment to obtain the desired radiation
pattern. In the next section, we will show that we can achieve a complete light
absorption for an array of nanoantennas which operate in balanced condition.
5.4 Single nanorings: Complete light absorption
In chapter 2, we introduced various physical mechanisms to increase the light interac-
tion with an array of nanoantennas made from optically small resonant nanoantennas,
i.e. electric and magnetic dipoles. It has been shown that complete light absorption
can be achieved if the eective electric and magnetic dipoles are in balanced condition.
One might ask what happens if the nanoantennas support higher order multipole mo-
ments (beyond the electric and magnetic dipoles)? In this section, we aim to address
this question properly by using an array of nanoantennas that supports multipole
moments beyond the dipole one, i.e. electric dipole and quadrupole moments. In
the previous subsection, it has been shown that by controlling the height of a sin-
gle nanoring, it is possible to achieve a nanoantenna with two modes (i.e. electric
dipole and quadrupole modes) which allows to obtain a directional radiation pattern.
This occurs whenever the electric dipole and quadrupole moments fulll the balanced
condition (px = − ik6 Qxz). We also proved experimentally and numerically that this
condition will lead to a zero reection for an array of nanoantennas which fulll
the balanced condition. In order to show that let us start with the average current
density of a periodic array of electric dipole and quadrupole moments [60,180]
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where pex and Q
e
xz are the eective electric dipole and quadrupole moments of the
array. To calculate the array response, we can use the relation between the reected




















where Einc is the amplitude of the incident electric eld. To obtain a zero reection,
the relation between electric dipole and quadrupole moments, i.e. pex = − ik6 Q
e
xz,
should be satised. Note that this is also true for the individual moments, i.e.
px = − ik6 Qxz. Similarly, to calculate the the transmission coecient, we applied the
relation between transmitted electric eld and electric current density, i.e.






and the transmission coecient can be found as











Now to achieve an array with total absorption, both reection and transmission
coecients should be zero (t = r = 0). This leads to the following relation between
the electric dipole moment and the incident electric eld






By using the relation between the eective electric polarizibility and electric dipole
moment, i.e. pex = ε0α
e
x Einc, we can nd the eective electric polarizability of the
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Figure 5.4.1: Schematic of the nanoring perfect absorber. The reection, transmis-
sion and absorption of an array of nanoring's with period P = 180 nm,
inner diameter diameter D1= 100 nm, the height of nanoring h =
150 nm, and the gold thickness t = 20 nm. The gold nanorings are
deposited on a dielectric substrate with refractive index n = 1.5.




The schematic of the investigated perfect absorber based on nanorings is shown
in Fig 5.4.1 (a). It consists of an array of nanorings lled with refractive index n
=1.5. The absorption, reection, transmission spectra are shown in Fig 5.4.1 (b). It
can be seen that the reection and transmission reaches zero at the resonance of the
electric quadrupole moment [grey dashed line in Fig. 5.4.1] and the impinging light
is fully absorbed by the nanorings. The interesting point about this perfect absorber
compared to the perfect absorbers with metallic ground plate (which discussed in
chapter 4) is that it shows out of band transmission. Note that the response of the
perfect absorber will change signicantly by changing the angle of incidence (not
shown here). This is due to the fact that at oblique incident the electric dipole and
electric quadrupole are not in balanced condition. Finally, we should mention that
the array of nanorings is deposited on a substrate that might increase the complexity
of the investigated aforementioned theoretical model. In other words, the substrate
might lead to an induced bianisotropic response since the height of nanorings are
really large compared to the wavelength. This eect can be seen in Fig. 5.4.1 (b) and
(c) where the array is illuminated from opposite directions. In fact, it shows that
the induced moments are entirely dierent for forward and backward illumination
directions. More details about the substrate induced bianisotropy (SIB) can be found
in Ref. [181]. This is beyond the scope of this thesis.
5.5 Multi-nanorings: Scattering dark states
Multi-resonant plasmonic nanostructures oer possibilities for broadband sensor de-
vices [12,91], ecient solar cell upconversion [89], coherent control [182], optical tag-
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Figure 5.4.2: Schematic view of the investigated nanoantennas in air made of multiple
concentric plasmonic nanorings. (a) two nanorings (b) three nanorings.
The height of the nanoring is h=75 nm, the inner dimater is D1 =
100 nm, the gold and dielectric thickness are t = gap = 20 nm.
ging [183] and enhanced nonlinear interactions [184]. For some of these applications,
e.g. sensor devices, it is essential to have nanoantennas which oer Fano resonances.
In general, Fano resonances originate from a coupling of dark and bright modes. In
conventional plasmonic nanoantennas, the continuum (bright) mode is usually an
electric dipole and the discrete (dark) mode is typically an electric quadrupole (or
another higher order multipole mode) [28, 79, 149, 151, 161, 174, 185]. The coherent
interference of these two modes leads to an asymmetric line-shape in the scattering
response of a single nanoantenna or in the reectance and transmittance spectra
of an array. In this section, we introduce a new type of multi-resonant plasmonic
nanoantennas based on multi-rings which exhibits entirely which exhibits a Fano
resonance that does not rely on modes characterized by higher order multipole mo-
ments [Fig. 5.4.2 (a) and (b)]. The proposed nanoantenna supports only electric
dipole resonances. In fact, the bright and dark modes are only electric dipoles. This
allows to achieve interesting features such as an enhanced transmission, suppressed
reection, and scattering dark state [186]. We note that most of the ndings of this
section have been previously published in Ref. [156].
We already considered the basic geometry of a multi-ring, i.e. a single nanoring
and its optical responses. We found that for a single nanoring with considerably small
height, the dominant mode is electric dipolar. We will show that this mode also exists
when multiple rings are nested [Fig. 5.4.2]. We focus on multi-nanorings with two and
three concentric nanorings, but this is by no means a restriction. The schematic of the
multi-nanoring is depicted in Fig. 5.4.2. The dielectric spacer between consecutive
rings are made of glass (SiO2) and the nanorings are made of gold. Here, we assumed
that the thickness of the dierent nanorings (gold/dielectric) is 20 nm. The inner
diameter of the nanoring is D1 = 100 nm. The height of all concentric nanorings is
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Figure 5.5.1: (a) and (b) Scattering cross sections as a function of frequency for two
and three concentric nanorings, respectively. (c) and (d) The corre-
sponding individual electric polarizabilities calculated by multipole ex-
pansion of the scattered eld. (e) and (f) Field distributions (Ex) for
the scattering dark state (220THz) and the 1nd mode (358THz) of the
multi-rings consisting of three gold rings.
h = 75 nm. The structure is embedded in vacuum and illuminated by a plane wave
as sketched in Fig 5.4.2 (a) and (b).
Before a periodic array of multi-rings is considered, the numerically calculated
scattering response of individual multi-rings shall be investigated rst. The total
scattering cross section versus frequency ν for multi-rings with two and three gold
nanorings is shown in Fig. 5.5.1 (a) and (b). The scattering response of the nanoan-
tennas is readily explained by its electric dipole moment [red dashed lines in Fig. 5.5.1
(a) and (b)]; all higher-order multipoles are negligible.
For an x-polarized plane wave illumination, the induced electric dipole moment
of the investigated nanoantennas can be calculated as px = ε0αeeEx, since no cross-
polarized electric dipole moments are induced. The real and imaginary parts of the
electric polarizability αee are shown in Fig. 5.5.1 (c) and (d). The electric polariza-
tion indicates the existence of two and three modes for two and three gold rings,
respectively. The 1st mode is spectrally very broad compared to the higher modes.
Consequently, the 1st mode can be denominated as continuum mode and the higher
modes as discrete modes with a higher quality factor. The resonance positions are
clearly encountered as peaks in the total scattering cross section spectrum. Between
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Figure 5.5.2: (a) Total scattering cross sections for dierent dielectric spacer (gap) of
the two concentric nanorings. (b) The resonance position of dierent
modes as a function of dielectric spacer.
those peaks, the scattering response is suppressed by a coherent interference between
the continuum and a discrete mode. This phenomenon is known as a scattering dark
state, which always appears between two scattering peaks [186] and can be due to
a Fano resonance [79]. It is important to note that the Fano resonance in the in-
vestigated multi-rings is only due to electric dipole modes, which is entirely dierent
from usually discussed plasmonic Fano resonances [145,183,186,187]. Scattering dark
states exhibit a strongly suppressed scattering response in the far eld. For example,
the three-ring nanoantenna is hardly visible at ν = 220THz. At this frequency, the
illumination causes a eld enhancement in the near-eld, but the far-eld remains
almost unperturbed [Fig. 5.5.1 (e)]. In contrast, the illumination is considerably scat-
tered for the 1st mode at 358THz [Fig. 5.5.1 (f)]. This suppression of the scattering
response is related to the scattering cancellation technique [183,187189].
In order to investigate the robustness of the observed optical features, i.e. the scat-
tering dark state and the asymmetric Fano like-shape, we calculated the scattering
cross sections of the two concentric nanorings for dierent dielectric spacer (gap).
Figure. 5.5.2 (a) depicts the scattering cross sections as a function of frequency for
dierent dielectric spacer, i.e. gap= 20, 50, 100 nm. The amplitude and bandwidth
of the 2nd mode can be largely tuned and enhanced by increasing the gap. However,
the amplitude of the 1st mode is almost xed. This allows to tune the position of the
scattering dark state over a broad range of frequency [Fig. 5.5.2 (b)].
The scattering response of the isolated multi-rings at normal incidence can be
solely explained by their electric polarizability αee. In this case, dense array theory
can be used to calculate the reection r and transmission t coecients of a periodic
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Figure 5.5.3: (a) and (b) The electric eld distributions (|E|/|Einc|) for all modes
of the two and three concentric nanorings, respectively. (c) and (d)
Simulation (solid lines) and theoretical [dashed lines, based on dense
array theory] transmission and reection spectra for the array of such
multi-rings with period Λ = 500 nm.







t = 1 + r . (5.5.2)
Reection and transmission are sketched in Fig. 5.5.3 (c) and (d) based on Eq. (5.5.1)
and Eq. (5.5.2), and compared with rigorous numerical simulations. At lower frequen-
cies, the numerical results are in good agreement to the theory. A redshift of the
numerical results occurs at higher frequencies, because the wavelength gets com-
parable to the actual size of the multi-rings and retardation eects become more
pronounced. The asymmetric line-shape of the reection and transmission is due to
interference of dierent dipole modes as highlighted earlier. It is remarkable that in
a small frequency range, e.g. for the three gold ring structure between 200-220 THz,
the transmission and reection of the array changes drastically. Besides the Fano
resonances, this is a direct evidence of enhanced transmission of the scattering dark
states as well.
The electric eld distributions for all modes are shown in Fig. 5.5.3 (a) and (b).
The continuum mode is due to an electric dipolar response of the whole nanoantenna,
which leads to a uniform eld enhancement inside the innermost nanoring. This
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mode has been extensively studied for single nanoring nanoantennas [142, 144, 146,
157,171]. The higher modes are localized inside the dielectric spacer between two gold
nanorings. These highly concentrated gap modes might be used for coherent control
[182], to boost nonlinear eects [147,184] or to access dipole-forbidden transitions of
quantum systems [176].
For an experimental verication, colleagues at the Friedrich-Schiller Universität
Jena fabricated and characterized devoted samples with the same methodology as
described in the previous sections. Figure 5.5.5 (b) and (c) shows the experimentally
measured and numerically calculated transmission and reection for an array made
from nanoantennas possessing two concentric plasmonic nanorings, respectively. The
basic of the fabrication process has been explained in details in Ref. [157]. Fig-
ure 5.5.5 (a) shows an SEM image of a fabricated sample. The experimental results
agree well with numerical predictions. The small discrepancies between experimen-
tal and numerical results can be attributed to gold impurities [171]. The onset of
an asymmetric lineshape and enhanced transmission can be observed in Fig. 5.5.5.
In order to t the measured reection spectra, we used a well-known tting func-
tion which is a product of the Fano line-shape spectra and the Lorentzian line-shape























where q is the Fano (asymmetric) parameter, ωa is the central frequency of the
asymmetric resonance with a spectral width of Wa and b is the modulation damping.
ωs is the central frequency of the Lorentzian resonance with spectral width ofWs, and
a is the maximum amplitude of the resonance. Note that the measured transmission
spectra is tted by 1− RFit. All the tting parameters can be found in Table 5.5.4.
These asymmetric parameters (i.e. q and b) conrm that the spectra possess notable
asymmetric line-shape.
However, the traces of the scattering dark state are less pronounced than in the
numerical investigations [Fig. 5.5.3]. This is in fact related to the huge absorption
of a 3 nm Cr-SiO2 layer (mixture of silicon dioxide and chromium layer) (not shown
here). This layer is a residue of the etching process and a nuisance. It can be however
avoided by using another fabrication technique [147]. Moreover, the substrate also
partially diminishes these features. It can be only restored by embedding the whole
structure in a uniform medium with the same refractive index as the substrate, e.g.
SiO2. Note that our simulation result (not shown here) conrms that these two fea-
120
5 Plasmonic ring nanoantennas
Figure 5.5.4: Fitting parameters for Fig. 5.5.5.
a2 ωs (THz) Ws (THz) ωa (THz) Wa (THz) q b
Fig. 5.5 (b) 1.05 210 136 196 38 −0.57 0.62













































Figure 5.5.5: (a) SEM image of a fabricated sample. (b) Simulated, measured, and
the corresponding Fano t of the transmission spectra for two concentric
gold nanorings. (c) The same for the reection spectra. The dimensions
of the two concentric nanorings are D1 = 100 nm, t1 = 23 nm , gap=
36 nm, t2 = 66 nm. The array is placed on a dielectric substrate (fused
silica) with a refractive index of n = 1.46.
tures (scattering dark state and enhanced transmission) are much more pronounced
for an ideal structure (i.e. without the 3 nm Cr-SiO2 layer) which is embedded in
homogenous media.
In conclusion, in this section we introduced a new type of multi-resonant plas-
monic nanoantenna based on concentric nanorings that shows some remarkable opti-
cal features, i.e. Fano resonances that enhance and also fully suppress scattering at
selected frequencies. Dense-array theory can be applied to the investigated concen-
tric nanorings and predict the optical response of an associated array based on the
polarizability of the isolated nanoantenna. The numerically calculated response of
such arrays agrees well with dense-array predictions and experimental data. The dis-
tinguished eld concentration of the modes inside of the dielectric spacer makes con-
centric nanorings an interesting platform for enhanced light-matter-interactions, es-
pecially for multiresonant systems. Furthermore, the introduced fabrication method
is compatible to industry processes. It enables a large-scale, deterministic, and re-
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producible fabrication of multiresonant nanostructures with nanometric gaps.
5.6 Concluding remarks
The focus of this chapter was on plasmonic rings nanoantennas and their possible
applications. We demonstrated that nanoantennas made of gold nanroings can oer
various remarkable optical features such as directional light emission, complete light
absorption, scattering dark states, and Fano resonances.
As already highlighted in the previous chapters, a nanoantenna with balanced elec-
tric and magnetic dipole moments exhibits a directive pattern with zero backscatter-
ing, known as the rst Kerker condition. In this chapter, we introduced a generalized
Kerker condition for a nanoantenna which supports electric and magnetic dipole mo-
ments and electric quadrupole moments. We demonstrated that a plasmonic nanoring
can support such modes, i.e. electric dipole and quadrupole moments and constitutes
an antenna with a directive pattern. The key for achieving this desired pattern was
a constructive interference between the radiated far-elds of the induced moments
in the forward and a destructive one in the backward direction. Moreover, we also
managed to design an antenna consisting of few coupled nanorings to control the
radiation pattern that might be useful for some applications.
There are dierent approaches in order to achieve the complete light absorption
for a periodic array of plasmonic nanoantennas. Among all of them, a basic approach
is using an array of nanoantennas which supports both electric and magnetic dipole
moments. These moments should be at balanced conditions and this is extensively
discussed in the previous chapters. In this chapter, we suggested a new approach
to realize a complete light absorption for an array of nanoantennas which supports
higher order multiples, i.e. beyond dipolar response. We showed that a periodic array
of gold nanorings which exhibits electric dipole and quadrupole moments can provide
a nearly complete light absorption.
Finally, we introduced a multi-resonant plasmonic nanoantenna based on concen-
tric nanorings separated by thin dielectric spacers that provides some fascinating
optical features such as scattering dark states and Fano resonances. The Fano reso-
nance in the proposed concentric nanorings has dierent physical origin with respect
to the conventional plasmonic Fano resonance. In general, the Fano resonance occurs
when a nanostructure exhibits multiple resonances with dierent moments, e.g. an
electric dipole moment and electric quadrupole moment. However, we observed a
purely electric dipole response for the proposed concentric nanorings but yet Fano
features. Eventually we exploited the spectral interference of dierent electric dipolar
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modes with a largely disparate losses, that caused their line width to be substantially
dierent. Fano features. Eventually we exploited the spectral interference of dierent
electric dipolar modes with a largely disparate losses, that caused their line width
to be substantially dierent. This allows to predict the optical response of a peri-
odic array made of such nanoantennas by using a simple analytical approach. The
numerical results calculated for an array of proposed nanoantennas agree well with
analytical predictions and experimental results.
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Nanophotonics is a rapidly developing eld, which aims to control light-matter in-
teraction at the nanoscale. Nanoantennas, as a canonical element in this eld, can
provide a fundamental role due to its notable electric and magnetic response. In this
thesis, we aimed to theoretically investigate optical properties of various nanoanten-
nas which help to further develop this eld. In particular, remarkable optical features
such as directional radiation pattern, Fano resonance, scattering dark state, extreme
coupling, strong bianisotropic response, asymmetric reection, and complete light
absorption were exploited.
In Chapter 2, we investigated a theoretical framework to understand the underlying
scattering mechanism of an arbitrary shaped nanoantenna. We studied a universal
limitation on the scattering/absorption cross section of an individual nanoantenna
that supports an electric/magnetic dipole moment. This leads to a universal limita-
tion on the absorption (i.e. 50 percent of the impinging light) of an array of nanoan-
tennas. To overcome this universal limitation, we theoretically presented various
approaches, namely, using an array of both electric and magnetic dipole moments,
an array of electric/magnetic dipole moments on top of a metallic ground plate (both
near-eld and far-eld schemes), and an array of electric dipole and quadrupole mo-
ments. Furthermore, we presented a simple analytical approach to obtain the array
response from the individual polarizabilities nanoantenna.
In Chapter 3, we explored bianisotropic coupling in two distinct nanoantennas,
namely, high-index dielectric nanoantennas and plasmonic nanoantennas. The key
to achieve this coupling is breaking the symmetry of the nanoantennas. In particular,
to obtain plasmonic nanoantennas with bianisotropic coupling, we proposed coupled
gold nanopatches with dierent lateral dimensions. The electric and magnetic dipole
moments of such a structure are entirely dierent for forward and backward illumi-
nation directions. In fact, this was related to a strong bianisotropic coupling. This
coupling can be tuned by varying the lateral dimensions of the nanoantenna. This
provides a directional radiation pattern when the electric and magnetic dipole mo-
ments are in balanced condition. Moreover, for an array of such nanoantennas, we
presented intriguing optical features such as perfect absorption and asymmetric re-
ection. We also proposed a tunable nanoantenna by using a phase change material
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as a dielectric spacer between the nanopatches. This allows to achieve entirely dif-
ferent radiation patterns by applying an external laser pulse or heating the sample.
In the second part of this chapter, we focused on high-index dielectric nanoantennas
with tunable bianisotropic response. In general, a dielectric nanoantenna supports
both electric and magnetic modes. However, these modes are not coupled when the
antennas are symmetric with respect to the illumination directions. We proposed an
experimentally feasible nanoantenna with notable bianisotropic (magneto-electric)
coupling. This provides dierent optical responses for opposite illumination direc-
tions, i.e. namely asymmetric radiation pattern and asymmetric reection coe-
cients.
In Chapter 4, we presented a perfect absorber which consists of an array of
nanopatches on top of a metallic ground plate separated by a dielectric spacer. The
complete light absorption is achieved in two entirely dierent schemes. The rst
scheme (i.e. near-eld coupling) occurs when the dielectric spacer is considerably
small compared to the operating wavelength. In fact, in this scheme we introduced
the concept of extreme coupling by using an atomic layer deposition (ALD) to ob-
tain few nanometers dielectric spacer. This allows to achieve deep-subwavelength
nanoantennas, extreme eld enhancement, local magnetic metamaterials, and om-
nidirectional perfect absorbers. Finally, we applied a simple analytical model to
predict the resonance frequencies of the investigated nanostructure that shows excel-
lent agreement with experiment and numerical results. The second scheme (far-eld
interference) occurs when the dielectric spacer is really large compared to the wave-
length. In this scheme, the optical response of the perfect absorber can be fully
predicted by a simple Fabry-Perot model. The underlying mechanism of complete
light absorption is explained by a destructive interference of the directly reected
light and the light that has been experiencing multiple reections.
In Chapter 5, we focused on various plasmonic nanoantennas made of nanorings.
We showed that a plasmonic nanoring can provide a uniform eld enhancement that
is essential for various applications, e.g. boosting the nonlinear eect, enhancing the
solar cell eciency, and plasmonic nanosensors. We introduced a generalized Kerker
condition for an arbitrary nanoantenna beyond the dipole moments, i.e. electric and
magnetic dipole moments and electric quadrupole moment. This condition is ex-
amined for a nanoring which supports both modes and highly directional radiation
patterns with zero backscattering eld is achieved. Furthermore, complete light ab-
sorption is attained for an array of nanorings with a balanced electric dipole and
quadrupole moments. We also investigated a nanoantenna made of multiple concen-
tric plasmonic nanorings with exotic optical features. The concept of scattering dark
state is introduced for such nanoantennas. Most of the theoretical and numerical
125
6 Summary and outlook
ndings of this chapter are fully supported by experimental results.
Many new insights have been obtained in the course of the thesis but much science
actually could be done and awaits an exploration. Particularly, the thesis can be
extended towards the following directions::
• Directive radiation: We have shown that it is possible to achieve a directive
radiation for nanoantennas with balanced multipole moments. In particular,
the balanced condition has been discussed for electric and magnetic dipole
moments and electric quadrupole moment. In order to obtain even better
directive nanoantenna, one can investigate the balanced condition that takes
higher order multipole moments into account.
• Multipolar excitation: We mainly focused on the interaction of a plane wave
with nanoantennas. It would be interesting to investigate the interaction of
sources that emit radiation corresponding to a well dened multipole moment
(e.g. electric and magnetic dipole moments or even higher orders) as an external
excitation of the nanoantennas. This helps to better understand the interaction
between quantum emitters and nanoantennas.
• Fano resonances : In this thesis, we briey discussed the Fano response for some
of the investigated nanoantennas. One may extensively investigate the Fano
resonance based on the multiple expansion.
• Analytical model (oblique incidence): In this thesis, we mainly focus on the
optical properties of the array at normal incidence. One may extend the ana-
lytical model to oblique incident. This might help to study interesting optical
features at oblique incidence.
• Analytical model (interaction constant): The interaction constant in the an-
alytical model [i.e. Eqs. 2.3.15 and 2.3.20] is obtained with the quasi-static
approximation. Therefore, the prediction of the analytical model is accurate
as long as the nanoantennas are small compared to the wavelength. One may
investigate the modication to the eects when the interaction constant is con-
sidered beyond the quasi-static approximation.
• Perfect absorbers based on higher multipole moments : In this thesis, we achieved
complete light absorption for an array of nanoantennas with a balanced elec-
tric and magnetic dipole moments and electric quadrupole moment. One may
investigate even higher order multipoles to achieve complete light absorption.
The absorption for such array might be extremely sensitive to the angle of in-
cidence. Therefore, it might be possible to switch between electromagnetically
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induced absorption (EIA) [56,57] and electromagnetically induced transmission
(EIT) [37] by changing the angle of incidence.
All these aspects constitute reasonable extensions for the present thesis work. Some of
them are of technical nature but some of them also allow to probe for a more ultimate
limits of the control of light as long as complicated nanoantennas are considered.
Nanooptics, in general, promises to provide control on the scattering response of
nanoantennas in an unprecedented manner. The question is, what to do with this
ability and how to actually achieve predened congurations. This issue was touched
in this thesis but there is much more to do in the future.
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